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THE QUANTITATIVE HISTOCHEMISTRY OF BRAIN 
I. CHEMICAL METHODS* 


By OLIVER H. LOWRY, NIRA R. ROBERTS, KATHERINE Y. LEINER, 
MEI-LING WU, anv A. LEWIS FARR 


(From the Department of Pharmacology, Washington University School of 
Medicine, St. Louis, Missouri) 


(Received for publication, July 13, 1953) 


Elucidation of the biochemistry of the brain is hindered by its extreme 
histological complexity. However, if it were possible to perform appro- 
priate chemical analyses and enzymatic measurements on the individual 
histological components of the brain, one could then reassemble a picture 
of the biochemical matrix which is responsible for the functioning of the 
whole. By altering and exploiting the general procedure of Linderstrgm- 
Lang and his collaborators, it is in fact practical to obtain samples as small 
as 0.2 y wet weight from any desired region of the brain (1). In brief, 
frozen sections are dehydrated at —30°, and the desired regions are cut 
from the dry section under a dissecting microscope. The isolated frag- 
ments are ready for direct analysis for any constituent stable to freezing 
and drying at —30°. 

In order to carry out the analytical aspects of the problem, microchemical 
procedures have been devised which are not only sufficiently sensitive but 
are also simple to perform. The reduction in the number and complexity 
of analytical maneuvers has tended to decrease the danger of errors at the 
small scale of operations and has permitted larger numbers of analyses, a 
requirement for histochemical studies, without sacrifice in precision. 

This paper describes the general procedures and simple tools which are 
necessary for all of the methods. Also given are directions for measuring 
chloride (4 X 10-'* mole), riboflavin (3 X 10-° y or 10-" mole), and several 
phosphorus fractions in 10 y of brain or other tissue. (These methods are 
either new or contain new features which might find use on a larger scale 
as well.) Paper II describes procedures for measurement of a number of 
enzymes with 10 y or less of brain (2). Methods for measuring protein 
(3), cholesterol,! and phospholipide fractions? on the necessary micro scale 
have also been developed. Elsewhere will be found data obtained by these 
methods on the histochemistry of Ammon’s horn (4) and cerebellum (5). 


* Supported in part by a grant from the American Cancer Society through the 
Committee on Growth of the National Research Council. 

1 Albers, R. W., and Lowry, O. H., in preparation. 

? Robins, E., McCaman, R. E., and Lowry, O. H., in preparation. 
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HISTOCHEMISTRY OF BRAIN. I 


Microchemical Tools, Laboratory Aids, and Procedures for General Use 


Reaction Tubes—With a few exceptions the tubes used are smaller than 
any available commercially, and they are made from standard Pyrex tubing 
which is selected for size and cut in lengths twice as long as the tube needed. 
Each piece is made into two tubes in a single operation with a small hot 
flame. A pointed tip facilitates the removal of supernatant fluid from 
precipitates, but the tube tip must not be so sharp as to trap part of the 
sample or to make mixing difficult. The tops are fire-polished, but only 
very lightly to prevent narrowing of the orifice. 

Tubes of 2 to 2.5 mm. bore and 5 or 6 cm. long are most used. These 
are made from 4 mm., outer diameter, tubing, but should be selected on 
the basis of the inner diameter. Less frequently tubes are required with 
bores of 1.5 to 1.8 mm. or of 3 mm. which are made from tubing 3 and 5 
mm. outer diameter respectively. Tubes larger than these can be bought 
ready-made, e.g., serological tubes (soft glass) 6 X 50 mm. (0.7 ml. volume), 
Kimble Glass Company, No. 45060, and 7 X 75 mm. (1 ml. volume) (A. 8. 
Aloe Company, St. Louis). When fluorometry or colorimetry is to be 
performed directly in the tube, it must be more carefully made, as described 
below. 

Clean tubes are of course absolutely essential. Tubes smaller than 4 
mm. bore are a problem to clean because of the difficulty in removing wash 
fluids. Therefore, the following scheme was devised to clean many hun- 
dreds of tubes at a time, both inside and out. The dirty tubes are packed 
into beakers (200 ml. tall form, without lip, Corning No. 1040) until they 
cannot tip over. The tubes are filled with half concentrated nitric acid by 
covering with acid and centrifuging for a few seconds at a very low speed 
in a centrifuge designed to hold a 250 ml. centrifuge bottle (International 
Equipment Company, Boston). The beakers of acid-filled tubes are heated 
for at least 15 minutes in a pan of nearly boiling water in a hood. The 
excess acid is decanted, and the tubes are transferred, bottom up, into 
another beaker which has been fitted with a false bottom of stainless steel 
screen raised half an inch from the bottom of the beaker. The tubes can 
be transferred without getting them twisted, if, for example, a 50 ml. 
Erlenmeyer flask is used (base toward the tubes) to keep them moving as a 
group. The tubes are now centrifuged empty, and the nitric acid is drawn 
off from under the screen with suction through a slender glass tube or a 
long stainless steel needle, after which the tubes are tipped back into the 
original beaker and filled with rinse water in the centrifuge. Usually, 
tubes are rinsed three times with glass-distilled water with the help of the 
centrifuge. They are heated in a boiling water bath during the second 
rinse. After the final rinse, by centrifuging a little longer than usual the 
tubes will become nearly dry, and it will be unnecessary to risk contamina- 
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tion from heating in an oven. The tubes are stored in dust-proof glass 
jars.’ 

Pipettes—All of the pipettes used are Lang-Levy constriction pipettes 
(6). For the narrow tubes, it is necessary to construct the pipettes with 
a very short bend at the end of a very narrow tip (Fig. 1). Although larger 
pipettes are available commercially (Carlsberg Laboratory, Copenhagen, 
Denmark, Microchemical Specialties Company, Berkeley, California, and 
Arthur H. Thomas Company, Philadelphia), most of them must he spe- 
cially made. Directions given earlier may be helpful (7). 

With pipettes of 1 ul. or less, especially with this slender construction, 
surface tension may make it difficult to deliver the sample. In this event, 
the pipettes are coated with Silicone by rinsing the clean, dry pipette up 
to the constriction successively with Desicote (Beckman Instruments, Inc., 
South Pasadena, California), benzene, and alcohol. If it becomes neces- 
sary to clean the pipette with fuming nitric acid (the agent of choice if 
rinsing is not sufficient), the pipette may need to be recoated. To remove 
the Silicone permanently, pipettes are rinsed with 10 n NaOH a few times. 
With Silicone coating, pipettes as small as 0.02 ul. have been used success- 
fully and appear to have a precision of better than 1 per cent. 

Calibration of Pipettes—Pipettes too small to calibrate easily by weight 
of delivered water (less than 20 ul.) may be calibrated colorimetrically as 
follows: A pipetteful of 0.6 per cent p-nitrophenol is added to an exactly 
measured amount of 0.01 n NaOH of about 1000 times the volume of the 
pipette. The reading at \ 400 my in the Beckman spectrophotometer is 
compared to that of two standards prepared the same day by adding, respec- 
tively, 1.000 and 1.100 ml. of the 0.6 per cent p-nitrophenol to 1 liter vol- 
umes of 0.01 n NaOH. The volume of the pipette is calculated by inter- 
polation if the optical densities are not linear. Calibration to within 0.3 
per cent is easily attainable. Other pigments might be used if, like p- 
nitrophenol, they are highly colored, are not absorbed on glass, are suffi- 
ciently soluble, and if the optical density is nearly linear with concentra- 
tion. 

Mixing Samples—With slender tubes it is difficult to mix well enough 
by tapping with the finger. Tubes of any size from 1 to 15 mm. in diam- 
eter can be thoroughly mixed by what may be called “buzzing” (8). Smal- 
ler tubes are held at ar. angle against a flattened nail rotating at high speed 
(5000 to 10,000 r.p.m.) in the chuck of a commercial high speed hand 
grinder. The eccentric motion of the nail imparts a violent whirling mo- 
tion to the liquid in the tube without spilling. Alternatively, a commercial 


3 Tubes for measuring protein are filled with 0.5 n NaOH and heated in boiling 
water for 15 minutes to remove molybdiec and tungstic acids before nitric acid clean- 
ing. 
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massage vibrator will serve quite well for tubes of 4 to 6 mm. bore. For 
larger tubes, a bigger rod turning more slowly (3000 to 5000 r.p.m.) is 
used. In general the tubes must be not over one-third full to prevent 
spillage. 

Colorimetry—Many of the methods are based on colorimetric measure- 
ment in the Beckman spectrophotometer adapted to volumes of 40 ul. or 
less (9). 

In certain cases it is necessary or more convenient to measure reactions 
in tubes rather than square cuvettes; e.g., when COz from the air must be 
avoided, as in the measurement of cholinesterase (2), or with many timed 
reactions such as the reduction of diphosphopyridine nucleotide (DPN) by 
substrate in measuring lactic and malic dehydrogenases (10). Tubes are 
especially useful when temperature control is important. Adaptation for 
tubes may readily be accomplished with the Beckman spectrophotometer 
by substituting for the standard carriage holder compartment a block of 
black plastic of the same dimensions, drilled and channeled to hold a tube 
in position (Fig. 1). Tubes are made as described for fluorometer tubes 
(below) from selected tubing. With tubes of 1.5 mm. bore as little as 8 
ul. volume is sufficient. (Since the light path in this case is only 1.5 mm., 
the colorimetric sensitivity is not greater than that obtained with 50 ul. 
and a 1 em. light path.) Care is exercised in cleaning and handling such 
tubes not to scratch the optical portion near the bottom. 

The most favorable position for reading each tube is indicated by a mark 
with a diamond point or carborundum wheel. Tubes are selected on the 
basis of readings with water and with a colored solution. Reproducibility 
is more important than the absolute reading with a colored solution, since 
most measurements are made by difference. 

Fluorometry—The fluorometer used is the Farrand instrument (Farrand 
Optical Company, Inc., New York). The general construction has been 
described (11). This sensitive instrument may be further adapted to vol- 
umes smaller than the regular 1 ml. A block of wood replaces the standard 
tube carriage. This block is drilled to receive a brass rod which is in 
turn drilled to receive tubes of desired size. Details are given in Fig. 1. 
Every part is coated with India ink (some black paints are fluorescent). 
In addition, scattering of incident light to the phototube is further de- 
creased by extending the baffles within the instrument and sealing off any 
possible communication between light source and phototube. 

The benefit of these changes may be illustrated by comparing the instru- 
mental performance with volumes of 10 ul. and 1 ml. (1.8 mm. versus 8 mm. 
bore tubes). The sensitivity is increased about 30-fold by the 100-fold 
reduction in volume, and the ratio of sample to blank reading is almost 
unchanged. With riboflavin, for example, at 10 ul. with full sensitivity 1 
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scale division (10-® ampere) is equivalent to about 5 X 10-" gm. of ribo- 
flavin (6 X 108 molecules). The blank with distilled water is about 20 
divisions. 

The fluorometer tubes are made from tubing as uniform and free from 
flaws and striae as possible. Lengths or portions of lengths with close 
tolerances both inside and out are selected. Pieces 10 cm. long are cut in 
two with a flame which is so small that the glass near the cut is not softened 
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Fia. 1. Micro pipettes (large and small) for use with tubes of 2 mm. bore, adapters 
to hold small tubes in Beckman spectrophotometer (‘‘color’’), and Farrand fluo- 
rometer. The dimensions are in mm. Sp is a flat bronze spring, L the entering 
light, LE the light exit, F the path of fluorescent light toward phototube, SS a set- 
screw to hold the 9 mm. brass insert in place. This insert is shown separately at the 
extreme right. A set-screw at an angle (not shown) is also provided to hold the 
larger block in place when the most favorable orientation is located. 


and thereby distorted. The bottom should be nearly flat and of the same 
thickness in all tubes. 

The finished tubes after thorough cleaning are checked in the fluorom- 
eter first with water and then with quinine in 0.1 N H2SO,, and unsatis- 
factory tubes are discarded. A scratch mark is used to indicate the most 
stable position. 


Individual Chemical Methods 
Riboflavin 
This is measured by its fluorescence in a fairly standard manner (cf. 
(12)), except that the final volume for measurement is reduced to 10 ul. 
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To the dry sample, representing 10 to 25 y wet weight in a pointed tube 
of 2 to 2.5 mm. bore, are added 7 ul. of 5 per cent trichloroacetic acid 
(TCA). The sample is buzzed gently, capped, and centrifuged, and 5 ul. 
of the supernatant fluid are transferred to a fluorometer tube 5 cm. long 
made from Pyrex tubing of 1.8 mm. bore. 

The tube, capped with Parafilm, is allowed to stand overnight at 38° 
to hydrolyze the flavin-adenine dinucleotide (12). (To prevent evapora- 
tion the tube, or rack of tubes, is placed in a covered glass jar with a little 
water in the bottom.) Shortly before reading, 5 ul. of 0.45 m KzHPO, are 
added in the darkened fluorometer room, and the tube is carefully wiped 
with a cloth washed and dampened with distilled water. Only a few tubes 
are neutralized at a time, since the sensitivity to light is much less before 
neutralization. After reading, the blank is obtained by adding 1 ul. of 
2.5 per cent Na2S.0, (of good activity) in 2.5 per cent ice-cold NaHCO; 
(preserved in a tube in ice water for not more than an hour). Blanks and 
standards are run separately. Mixing after hydrosulfite addition must be 
by tapping instead of buzzing to prevent reoxidation. 

After use, the tubes are rinsed with water to remove hydrosulfite before 
acid cleaning. Tubes not used for some time ought to be rinsed twice 
with distilled water (in the centrifuge) just before use to keep the blank as 
low as possible. 

Comment on Riboflavin Determination—Because of the high dilution ribo- 
flavin gives the same reading when added to a brain sample (as internal 
standard) as when added to a blank. If desired, flavin mononucleotide 
and dinucleotide may be measured separately by determining the fluores- 
sence of an unhydrolyzed TCA aliquot (12). 

With the amounts of riboflavin in 10 or 20 y of brain the standard error 
is about 1 X 10-” gm. (Table I) or 2 K 10- mole. The change in reading 
of the blank on addition of hydrosulfite is equivalent to not more than 1 
or 2 X 10-" gm. of riboflavin. The total reading of the blank before hy- 
drosulfite may be equivalent to 10 or 20 K 10-" gm. of riboflavin. Higher 
readings would indicate contaminated tubes or reagents or a faulty optical 
system. 


Chloride 


This method is based on the precipitation of chloride with silver from a 
nitric acid tissue extract and the measurement of the excess silver color- 
imetrically with 5-(p-dimethylaminobenzylidene)rhodanine. 

Because of the extreme danger of contamination with chloride, including 
HCl from laboratory air, the analyses need to be conducted, at least until 
the final step, in a room completely free of Cl-containing fumes. The 
tubes are thoroughly rinsed in the same room and either used immediately 
after cleaning or preserved in hermetically sealed jars. 
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To the dry tissue sample equal to 10 to 25 y of fresh brain (4 to 10 X 
10-'° mole of Cl) in a pointed tube of 2 mm. bore are added 2.5 ul of 0.75 
x HNO;.4 This is centrifuged after 10 or 15 minutes at 3000 r.p.m. and 


capped with Parafilm. To avoid contamination with chloride from sweat, 


the tops of the tubes are never touched with the fingers. 

A 2 ul. aliquot of the supernatant fluid is transferred to another similar 
pointed tube, and 0.5 ul of 2 mm AgNO; in 0.1 N HNO; is added. The 
sample is tapped or buzzed gently, capped with Parafilm, and after 30 to 
60 minutes centrifuged for 20 minutes at 3000 r.p.m. A 2 ul. aliquot, 
which contains the excess silver, is added to 50 ul. of the rhodanine reagent 


TABLE [ 
Measurement of Riboflavin in Rabbit Brain Homogenate 


Homogenate samples equivalent to 25 y (Brain A) and 20 y (Brain B) were pre- 
cipitated with trichloroacetic acid. An aliquot equal to 40 per cent of each sample 
was used for each analysis. The instrument was set at a different sensitivity for 
each series. 


32.4 X 107!2 gm. | 10 y samples, 38.2 KX 107% gm. | 8.4 7 samples, 
standards Brain A standards Brain 
———— — | — — a - — — 
Net Net Net Net 
galvanometer galvanometer Riboflavin galvanometer | galvanometer Riboflavin 
reading reading reading reading 
10-2 gm. 10-2 gm 
31.3 34.7 36.1 67.2 50.7 28.8 
31.6 39.0 40.1 67.2 48.8 27.7 
31.0 37.5 39.1 67.4 50.4 28.0 
29.3 37.1 38.6 67.3 50.0 28 .4 
37.5 39.1 67.4 
37.4 39.0 67.5 


previously placed in a tube of 3 or 4 mm. bore (pointed tip undesirable). 
Each tube is immediately mixed by tapping. Vigorous mixing or buzzing 
is avoided because this might favor precipitation of the silver-rhodanine 
complex. The color is read after 30 to 60 minutes at the absorption maxi- 
mum, \ 470 mu. The rhodanine reagent is prepared by mixing within a 
few hours of use 4 ml. of 1 N H2SO,, 1 ml. of 10 per cent gum arabic,® and 


‘ If protein is to be measured on the precipitate, the tubes should be kept chilled 
in ice water, preferably centrifuged cold, the supernatant fluid removed as soon as 
possible, and the precipitate dissolved in alkali at once by adding 5 yl. of 1.1 N NaOH. 
The protein determination is completed as described (3) with 50 ul. of Reagent D and 
5 ul. of diluted Folin’s reagent. Since even brief exposure to nitric acid reduces 
somewhat the color produced, standards are treated in the same manner as the un- 
knowns or a suitable correction factor is applied. With brain, the color decrement is 


about 10 per cent. 
6 Gum arabic ‘‘photo purified’? (Mallinckrodt Chemical Works, St. Louis) purified 
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250 ul. of a 50 mg. per cent solution in methyl Cellosolve of p-dimethyl- 
aminobenzylidenerhodanine (p-dimethylaminobenzalrhodanine, No. 2748, 
Distillation Products Industries, Rochester, New York). 

The stock rhodanine solution in methyl Cellosolve is not completely 
stable. It is kept at 4° and discarded if an optical density of much less 
than 2 is obtained with the final reagent plus an excess of Ag; e.g., 1 ml. 
of final reagent plus 10 ul. of 10 mm AgNQOs. 

Standards and blanks are prepared by substituting 2.5 ul. of 0, 0.2, 0.3, 
and 0.4 mm NaCl in 0.75 n HNO; for the 0.75 xn HNO; used with the tissue 
samples. Calculation is made from a curve which is nearly linear. 

Tubes with AgCl precipitate are rinsed (via the centrifuge) with 1 per 
cent (of concentrated) NH,OH before the usual acid cleaning process. 

Comment on Chloride Method—The reagent p-dimethylaminobenzylidene- 
rhodanine has been used since 1928 (13) for the detection of Ag and as an 
indicator in Ag titrations, but its use for quantitative measurement of Ag 
(14) has been criticized (15) on the grounds of lack of proportionality be- 
tween Ag and color. It has been found, however, that by substituting 
0.8 N H2SO, as solvent for 0.04 n HNOs, as originally proposed (14), and 
by introducing gum arabic to prevent precipitation the color is nearly pro- 
portional to Ag concentration over a wide range (Fig. 2). Since the molar 
extinction coefficient based on silver is about 33,000, the sensitivity for 
Ag, and hence for Cl, is quite great. 

When silver is in excess, the molar extinction coefficient with recrystal- 
lized rhodanine was found to be 16,000 (based on rhodanine). From this 
it would appear that the composition of the colored product approximates 
AgRhz. When Ag and rhodanine concentrations are varied, the color pro- 
duced (Fig. 2) is that predicted from the equations 


Ag + Rh; = AgRh.|, and Ag X Rh. = k = 1.11 X 10 


That is, the colored product AgRh: acts as though it were out of solution 
(actually a dispersed aggregate), and the dissociation constant has the form 
of a solubility product. Furthermore, the data are compatible with a reac- 
tion between silver and a rhodanine dimer rather than with single rhodanine 
molecules. In Fig. 2 the curves are theoretical, based on this equation, 
and the points are observed. Feigl (13) reported that the precipitate from 
organic solvents had the composition AgRh. We have found, when Ag is 
precipitated with rhodanine from methyl Cellosolve, that with a large Ag 
excess the precipitate contains about 1 mole of rhodanine per mole of Ag, 





further by ethanol fractionation. To 100 ml. of a 20 per cent solution in water are 
added 120 ml. of 95 per cent ethanol. The precipitate is discarded. The filtrate or 
supernatant fluid (turbid) is precipitated with half its volume of ethanol, and the 
precipitate is dried with ethanol and ether. 
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whereas with an excess of rhodanine the precipitate contains 2 moles of 
rhodanine per mole of Ag, which agrees with the colorimetric data. 

Since the silver-rhodanine complex has a dissociation constant as low as 
the AgCl solubility product, there is little danger from chloride contamina- 
tion in the last step, in which rhodanine is in good excess, provided the 
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Fig. 2. Relationship between color and silver concentration with different levels 
of rhodanine. The points are experimental; the curves are calculated from the 
equation Ag (free) X Rhz (free) = 1.11 X 10-'; 7.e., the optical density is equal to 
33,000 X AgRh. = 33,000 (Rhy (total) — Rh» (free)). In the inset is the absorption 
spectrum of the silver-rhodanine complex. 


rhodanine reagent is placed in the final tube before the silver aliquot. This 
has been confirmed by deliberately adding small amounts of chloride after 
the silver and rhodanine have been mixed. In spite of the small AgRh 
dissociation constant, rhodanine will not remove silver from precipitated 
AgCl. Apparently the AgCl aggregate and the rhodanine (which is prob- 
ably present as a large micelle) react extremely slowly with each other. 
Color development is 80 per cent complete in 5 minutes and 98 per cent 
complete in 30 minutes. After an hour there is only slight change for 24 








10 HISTOCHEMISTRY OF BRAIN. I 


hours. The blank is quite stable. An acidity of about 1 N is most favor- 
able for a low blank and the development of stable, proportionate color. 
The exact acidity is not critical, but with higher acidity the Ag-rhodanine 
dissociation constant increases. Nitric acid is unsatisfactory because it 
causes high blanks and low readings with Ag. 

It is necessary to precipitate the Cl at a concentration of 10~* m or over 
because of the magnitude of the AgCl solubility product (10~'°) and the 
need to keep the absolute Ag excess low (25 to 100 per cent is optimal). 
Consequently the precipitation volume is much smaller than the volume 
for color development. Precipitation is satisfactory in 0.5 to 2 Nn HNO. 

As little as 4 K 10~'° mole of Cl (0.015 y) is measured satisfactorily by 
the micromethod and essentially the same value is obtained as by the 
macro-Volhard method for brain (Table II). The sensitivity is about 25 
times greater than that for the method used by Westfall ef al. (17) in their 
studies of glomerular fluid, or by Linderstrgm-Lang et al. (18) and others. 
The use of 0.75 Nn nitric acid as a deproteinizing agent for chloride and other 
inorganic measurements has been validated previously (19). 

The colorimetric method may be readily adapted to a larger scale, and, 
when the expected chloride is approximately known, the precision can be 
considerably increased by keeping the silver excess small and the concen- 
trations of silver and chloride high.® 


Phosphorus Fractions 


With the Fiske-Subbarow method for phosphate, the molar extinction 
coefficient is about 4000 at the maximal wave-length (820 my). By in- 
creasing the sulfuric acid concentration from 0.5 to 1 N (to keep the blank 
small) and heating at 100° for 30 minutes, Fiske and Subbarow were able 
to increase the visual color 3- or 4-fold.’7. Actually, at \ 820 mu the increase 
is more than 6-fold. This procedure has recently been further explored 
(21). The reaction is not suited to micro work, since there is a tendency 
to reoxidation of the reduced phosphomolybdate by air (22) and because 
heating to 100° would result in serious change in volume. It has been 
found that by substituting 1 per cent ascorbic acid for the sulfite and 
aminonaphtholsulfonic acid of the Fiske-Subbarow reagent, the formation 
of the highly colored second stage reduction product is complete in 2 hours 
at 38°. Since the €g29 is 25,000 (Fig. 3), it is possible to measure phosphate 
at a final concentration of 4 X 10-® m (0.003 y of P or 10—'° mole in 25 ul.) 
with reasonable precision. This is approximately the sensitivity obtained 


6 Smith, C. A., Lowry, O. H., and Wu, M.-L., in preparation. 

7Dr. C. H. Fiske, personal communication. Benedict and Theis achieved a 
similar degree of color development by heating with hydroquinone and bisulfite in 
18N H.SO, (20). 
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by Schaffer et al. (16) by a more elaborate procedure. Ammon and Hins- 
berg (23) used 0.02 per cent ascorbic acid to reduce phosphomolybdic acid, 
but obtained chiefly the first stage, low colored reduction product. 

The ashing procedure for organic phosphate fractions is adapted from a 
method described for measuring the acid-insoluble phosphate of white 
blood cells and platelets (24). Directions are given for measuring five 
different fractions on a single sample. If only acid-soluble P and lipide P 
are to be measured, a considerably smaller sample is sufficient. 

To a dried sample equal to about 20 y of original brain in a 2 to 2.5 mm. 
bore pointed tube, in a rack in an ice bath, are added 12 ul. of 5 per cent 


TaBLe II 
Reproducibility of Proposed Chloride Method and Comparison with 
Macro-Volhard Titration 

A rabbit brain was homogenized with water and analyzed in 1 gm. quantities for 
chloride by a Volhard (thiocyanate) titration of a nitric acid extract (19). There 
were found to be 38.7 mm of Cl per kilo of fresh brain. Aliquots of the same ho- 
mogenate equivalent to 10 and 20 y of brain were analyzed by the proposed pro- 
cedure. The values are recorded as millimoles per kilo, wet weight. 














10 y brain 20 y brain 
37.0 37.2 36.4 37.4 
39.4 37.0 36.4 39.8 
39.0 39.0 37.5 37.8 
41.2 38.6 36.9 39.7 
37.0 37.4 33.2 
Average sid we Er EO Rirewaln meend ira ig Praia a aeTt 37.6 
S.d. ; 5 SE a> Bik Ot a a tinea 6-6 ath tk ry BF 





TCA (from redistilled acid). The tube is capped with Parafilm. After 
buzzing and allowing to stand for 5 to 15 minutes, the samples are mixed 
again and centrifuged, preferably cold. They are returned to ice water, 
and two separate 5 ul. aliquots are transferred from each tube into tubes 
of the same size as the original. 

At once 20 ul. of absolute alcohol are added to the original tube which 
contains 0.1 mM potassium acetate, and the sample is buzzed. The speed 
and chilling to this point are to prevent breakdown and solution of ribo- 
nucleic acid. After adding the alcoholic acetate, the sample may be al- 
lowed to stand for some hours, perhaps days, in the ice box. 

Inorganic Plus Labile P—To one 5 ul. aliquot of the TCA extract are 


8 The acetate is added to neutralize the trichloroacetic acid; otherwise some pro- 
tein would be dissolved and lost in the alcohol. 
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added 40 ul. of a reagent made by mixing, in this order, 1 ml. of 10 N HeSO,, 
6 ml. of H.O, 1 ml. of 2.5 per cent ammonium molybdate, and 1 ml. of 10 
per cent ascorbic acid. Each sample is mixed promptly after addition of 
the reagent and is capped with Parafilm. The entire rack of tubes, includ- 
ing appropriate blanks and standards also prepared in TCA, is incubated 
in an oven at 38° for 2 hours and is read at \ 820 mu. Standards consisting 
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Fic. 3. Absorption spectra obtained with phosphate determined by the Fiske- 
Subbarow method at 10 and 60 minutes and by the proposed method (ascorbic acid, 


‘1 n H,SO,). Also shown (dotted curve) is the spectrum of phosphomolybdate re- 
duced by ascorbic acid at pH 4. 


of 5 ul. of 0.1 mm KH2PO, (0.5 X 10-* mole) in 5 per cent TCA and blanks 
of 5 wl. of TCA are treated like the samples. 

Acid-Soluble Phosphorus—To the second 5 ul. aliquot of TCA extract 
are added 5 ul. of ashing mixture consisting of 0.8 nN HCIO, in 10 n H,SO,. 
(To prepare, mix 65 ml. of 70 per cent HCIO, (1.18 gm. of HClO, per ml.) 
with 500 ml. of 20 n H,SO, and dilute to 1 liter.) A group of samples is 
dried for 2 hours, or until all the water is evaporated, in a metal rack in an 
oven at 95° (measured near the rack). The rack is transferred to another 
oven at 165° (measured near the rack) for 2 hours to ash. To each sample 
are added 50 ul. of 0.25 per cent ammonium molybdate in 0.1 N sodium 
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acetate, to which has been added just before use 1 ml. of 10 per cent ascor- 
bic acid per 10 ml. of solution. (After addition of the ascorbic acid this re- 
agent is kept in ice water and used within 1 hour.) Each sample must be 
mixed immediately and thoroughly. The rack of samples capped with Para- 
film is left in an incubator at 38° for 2 hours and is read at \ 820 mu. 

The final volume may be increased or decreased to measure greater or 
lesser quantities of phosphorus, provided the given relationship of ashing 
mixture to ascorbic acid-molybdate reagent is maintained. Standards and 
blanks are prepared as for inorganic P and are carried through the whole 
procedure. 

Lipide Phosphorus—The lipides are removed from the TCA precipitate 
by successive extractions with 20 ul. of 0.1 N potassium acetate in absolute 
alcohol (see above) and absolute alcohol. After each solvent addition the 
tubes are capped with Parafilm and centrifuged at 3000 r.p.m., and most 
of the solvent is removed with a 20 ul. constriction pipette under a good 
light, with great care to avoid disturbance of the precipitate. During 
the final alcohol extraction the tubes, capped with Parafilm, are heated 10 
minutes at 60° in a shallow water bath. The extracted solvents are pooled 
from each sample in a flat bottomed tube of 3 mm. bore, which is kept 
chilled in a rack in an ice bath to avoid creeping of the solvent up the tube. 
The combined solvents are evaporated by directing a stream of filtered N» 
into the tube through a glass capillary while the tube, held in a spring 
clip, is lowered into a beaker of near boiling water. The stream of N» 
must be rapid enough to vaporize the alcohol before it can creep up the 
walls of the tube. A convenient substitute for the water bath is a very 
small electric heater (e.g. “hotspotter” Fisher Scientific Company, New 
York). The tube is held at an appropriate distance above the heating 
element. A centrifugal device for evaporating a number of samples at 
once, with a very substantial saving of time, will be described.! 

After evaporation, to each tube are added 20 ul. of 0.4 N HClO, in 5 n 
H.SO, (ashing mixture for acid-soluble phosphorus diluted 1:1). The sam- 
ple is buzzed to wet the walls where lipide may have dried. The water is 
driven off, the sample is ashed, and color is developed as described for acid- 
soluble phosphorus, except that 100 ul. of the ascorbic acid-molybdate re- 
agent are used instead of 50 wl. If the samples do not appear to be com- 
pletely ashed (dark colored), 5 ul. of fuming HNO; may be added to each 
tube (cold) and the sample heated at 165° for another half hour. 

Blanks are prepared by evaporating 20 ul. of acetate alcohol plus 20 ul. 
of alcohol in each tube. Standards are prepared by adding to extra 
blanks 5 yl. of 0.4 mm KH2PO, (2 X 10-° mole) in water. Blanks and 
standards are treated just like the samples thereafter. 

Some of the acid-soluble P is carried into the lipide P sample, since only 
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10 of 12 ul. of the original TCA extract were removed from the tube prior 
to lipide extraction. A suitable deduction is made (16 per cent of the acid- 
soluble P). 

Nucleic Acid P—The nucleic acid is made soluble as described by Schnei- 
der (25) except for the substitution of HClO, for TCA and a longer heating 
period at lower temperature to decrease the danger of evaporation. To 
the residue after lipide extraction are added 12 ul. of 0.3 N HClO,, and the 
tube is capped with a very tight fitting rubber cap (cut-off vial stopper) and 
heated at 75° + 5° for1 hour. The tube is buzzed, centrifuged, and 10 ul. 
of the supernatant fluid are evaporated with 5 yl. of 10 N sulfuric acid (no 
HCIO,). The further analytical steps are as given for measurement of 
acid-soluble P. Standards of 12 ul. of 0.1 mm KH2PO, (1.2 * 10-° mole) 
in 0.3 N HClO, are carried through every step of the procedure. 

Residual Phosphorus—To the residue after nucleic acid extraction are 
added 5 ul. of 0.8 N HClO, in 10 N H2SO,, and the sample is ashed and 
treated as above with 50 ul. of ascorbic acid-molybdate reagent for color 
development. It may be necessary to complete the wet ashing with fum- 
ing nitric acid (see above). The standards consist of 5 ul. of 0.1 mm 
KH,PO, in water. The values must be corrected for one-sixth of the nu- 
cleic acid P which is included. 

Comment on Phosphorus Determination—The final sulfuric acid concen- 
tration for color development is 0.9 N plus enough extra acid (0.1 N) to 
acidify the sodium acetate of the ascorbic acid-molybdic acid reagent. All 
of this acid is incorporated in the ashing mixture. The small amount of 
perchloric acid also present is largely volatilized during wet ashing, and 
there is not enough in any event to disturb the analysis. There is at least 
a 10 or 15 per cent tolerance in final acidity. The rate of color develop- 
ment decreases as the acidity is increased, whereas the blank becomes ap- 
preciable if acidity is not great enough. 

The sodium acetate is added to the molybdate reagent to neutralize the 
ascorbic acid, since there exists a danger zone from pH 0.6 to 3 in which 
ascorbic acid will reduce molybdic acid in the absence of phosphate (26). 
It is for this same reason that mixing must be rapid and thorough when 
the ascorbic acid-molybdate is added; otherwise there would occur local 
regions of intermediate acidity, with resulting high readings. 

The precision of measurement is satisfactory with as little as 3 mugm. 
of P (Table III). The reproducibility of analyses of aliquots of brain 
homogenates is adequate (Table IV). A comparison was made between 
analyses of the same brain homogenate on a micro scale (18 y of brain) 
and analyses made on a macro scale (2 mg. of brain). The average values 
found for micro- and macrodeterminations were, respectively, acid-soluble 
P 30.6 and 31.6 mm per kilo, lipide P 56.2 and 59.8 mm per kilo, nucleic 
acid P plus residual P 13.4 and 11.1 mm per kilo. 
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Silicate does not give color under the conditions prescribed, which is 
fortunate, considering the necessity of handling small quantities of phos- 
phorus in glass vessels with relatively large surfaces. Arsenate gives one- 
fifth as much color as phosphate, on a molar basis. 

Certain of the more labile phosphate compounds are hydrolyzed to some 
degree and therefore give color. Phosphocreatine and acetyl phosphate 


TaBLe III 
Precision of Phosphate Measurement 


Known amounts of inorganic P (2.5 to 17.5 mugm.) were carried through the com- 
plete ashing procedure and measured in a final volume of 48.6 ul. 


P present Optical density P found P present Optical density P found 
10-19 mole | cm. = 10-9 mole 10 Soe cm 10- mole 
0.78 0.041 0.80 2.80 0.146 2.84 
0.78 0.041 0.80 2.80 0.149 2.90 
0.78 0.042 0.82 2.80 0.149 2.90 
1.91 0.099 1.93 5.53 0.274 5.32 
1.91 0.101 1.97 5.53 0.279 5.43 
1.91 0.101 1.97 5.53 0.279 5.43 
TaBLe IV 


Reproducibility of Acid-Soluble and Lipide P Measurements with Brain 
Aliquots of rabbit brain homogenate equivalent to 28 y of brain were analyzed. 
Lipide was extracted with alcohol, followed by isopropyl ether. Subsequently iso- 
propyl ether has been found unnecessary. 


Acid-soluble P Lipide P Acid-soluble P Lipide P 
“ -_ per he. ma per kg. an ~~ hg. 1 on per kg. 
38 61 35 63 
36 54 31 65 
37 63 35 60 


36 60 35 60 


are of course split 100 per cent. Other compounds were found to give 
the following amounts of color relative to equimolar quantities of inorganic 
phosphate: glucose-1-phosphate 54 per cent, adenosinetriphosphate 17 per 
cent of labile P, inorganic pyrophosphate 12 per cent, glucose-6-phosphate 
none, and fructose diphosphate none. Weil-Malherbe and Green (27) have 
studied the catalytic splitting of organic phosphate compounds by molyb- 
dic acid in more detail. 

A homogenate was prepared from rabbit brain with no special care 
to prevent autogenous splitting of phosphocreatine and adenosinetriphos- 
phate. A TCA filtrate of this homogenate was analyzed for inorganic P 
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by the proposed procedure, and by the pH 4 method (26), in which inor- 
ganic P is measured in the presence of very labile organic P compounds. 
The observed values by the three procedures were, respectively, 15.2, 14.6, 
and 14.0 mo per kilo of fresh brain. The true inorganic P of brain is of 
course lower than any of these values. 


SUMMARY 


1. General analytical procedures and tools are described for making 
various determinations with as little as 10 y of brain or other tissue. 

2. The measurement of the riboflavin in 10 y of brain (3 X 10-° y of 
riboflavin) is described. 

3. A method for measuring chloride (4  10~-'° mole) in 10 y of tissue 
is presented. This involves the precipitation of chloride with silver at a 
volume of 2.5 ul., followed by measurement of excess silver with 5-(p-di- 
methylaminobenzylidene)rhodanine. 

4. A more sensitive means of measuring phosphate is given, together 
with directions for the determination of five phosphorus fractions from 20 
y of brain. 
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THE QUANTITATIVE HISTOCHEMISTRY OF BRAIN 
Il. ENZYME MEASUREMENTS* 


By OLIVER H. LOWRY, NIRA R. ROBERTS, MEI-LING WU, 
WALTER 8. HIXON, ano ELIZABETH J. CRAWFORD 


(From the Department of Pharmacology, Washington University School of 
Medicine, St. Louis, Missouri) 


(Received for publication, July 13, 1953) 


It was desired to measure a variety of enzyme activities in very small 
amounts of brain (10 y wet weight or less) as part of a study of the quan- 
titative histochemistry of brain. Existing analytical methods were 
insufficiently sensitive. Accordingly, suitable microprocedures were elabo- 
rated for measuring acid and alkaline phosphatase, adenosinetriphospha- 
tase, cholinesterase, aldolase, and fumarase on the desired scale. With 
the resultant methods certain of the enzymes may be measured in less 
than 1 y of brain (wet weight). Similarly sensitive procedures for lactic, 
malic, and glutamic dehydrogenase will be presented elsewhere.' Robins 
et al. have published a comparable method for nucleoside phosphorylase 
(1). 

All the procedures have been validated for use with frozen-dried material 
obtainable for histochemical purposes. Although in general existing meth- 
ods have been used as a basis, the drastic reduction in sample size has 
necessitated numerous alterations. The fumarase method is based on mal- 
ate measurement by an unpublished method of Dr. John Speck? and may 
be of general interest. The aldolase method of Sibley and Lehninger (2) 
has been studied and certain changes proposed. 

The quantitative measurement of enzymes in whole tissues would be 
distorted if there were inhibitory or stimulating substances present in the 
crude incubation mixture. To test this possibility, each enzyme under 
study has been partially purified from brain and returned to crude brain 
homogenates. Neither serious inhibition nor stimulation has been en- 
countered as yet, perhaps because the enzymes are measured in all cases 
at rather high tissue dilutions. This evidence does not of course rule out 
the possibility of inactive forms of the enzymes or validate the methods 
for other tissues. 

The methods are first presented with comment limited chiefly to matters 

* Supported in part by a grant from the American Cancer Society through the 
Committee on Growth of the National Research Council. 

1 Strominger, J. L., and Lowry, O. H., in preparation. 

? Kindly supplied through Dr. Morris E. Friedkin. 
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involved in the conduct of analyses. Following this, information is given 
concerning the six enzymes as they exist in rabbit brain, together with evi- 
dence as to the validity of the six methods. 


Methods 


The techniques for obtaining suitable frozen-dried material of 0.1 to 10 
y dry weight (0.5 to 50 y fresh weight) and the general method of manip- 
ulation and measurement on the necessary scale have been described (3, 4) 
and need not be repeated. 

Alkaline Phosphatase—The reagent consists of 8 mm disodium p-ni- 
trophenyl phosphate and 2 mm MgCl. in 0.05 m glycine buffer* at pH 
10.0. The complete reagent may be preserved for some time if frozen. 
The substrate as obtained from the Sigma Chemical Company, St. Louis 
(at present about 70 per cent disodium p-nitrophenyl phosphate), may 
be used directly because of virtual absence of free nitrophenol. The sta- 
bility of this product is also much better than that of earlier preparations 
(5). The procedure is adapted from a method designed for use with 
serum. The original paper gives additional details (5). 

The frozen-dried sample, representing 10 to 40 y of wet brain, is trans- 
ferred to a pointed tube of 2 to 2.5 mm. inner diameter which is placed in 
a rack in ice water, and 10 ul. of ice-cold reagent are added. All tubes in 
the rack are mixed without warming and are capped with Parafilm. At 
zero time the rack is placed in a water bath at 38°. After exactly 60 min- 
utes (or other appropriate interval) the rack is replaced in ice water, and 
to each tube are added 2 ul. of 30 per cent trichloroacetic acid (TCA).‘ 
(Since the reagent is easily hydrolyzed by acid, the following steps are 
carried out rapidly.) After centrifuging at 3000 r.p.m. for 15 minutes, 
preferably cold, 10 ul. of supernatant fluid are transferred to a tube of 3 
or 4 mm. bore and immediately diluted with 40 ul. of 0.15 n NaOH and 
read at 410 my within a few hours (molar extinction 17,500). The absorp- 
tion peak is actually at \ 400 my, but at this wave-length the unhydrolyzed 


3 Although the data supporting this method were obtained with glycine buffer, it 
has now been found that a superior buffer for alkaline phosphatase is 2-amino-2 
methyl-1-propanol (Distillation Products Industries, Rochester, New York) which 
has a pK of 9.9 and which does not inhibit alkaline phosphatase even in 1 M concen- 
tration. Approximately twice as much enzyme activity is found with this buffer as 
with glycine, and also a far better buffered m2dium is possible. 

4 If protein is not to be determined, it is possible to omit the protein precipitation 
and merely add 40 ul. of 0.1 N NaOH and read. In this case standards are obtained 
by adding to extra blanks 2 ul. of 1 mm p-nitrophenol in water, with a 4 per cent 
volume correction. Without protein removal a slight turbidity from the tissue con- 
tributes a little to the sample reading. In the case of brain homogenates, this is 
equivalent to about 3 mm of nitrophenol per kilo of tissue. Protein precipitation 
may also be omitted if desired in the measurement of acid phosphatase. 
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reagent gives a considerably higher blank value. Standards are provided 
by incubating extra blanks and substituting 2 ul. of 1 mM p-nitrophenol in 
30 per cent TCA for the TCA used otherwise. With 60 minutes incubation 
the standard is thus equivalent toa splitting of 2 X 10~° mole of substrate 
per hour. 

If desired, the protein may be measured on the TCA precipitate as pre- 
viously described (6), and this often furnishes a convenient basis of calcu- 
lation. 

Acid Phosphatase—This is measured almost exactly as described for alka- 
line phosphatase except that a 30 minute incubation is sufficient for 10 
to 40 y of brain and the volume of final alkali may be increased to 100 
ul. if desired because of the greater activity. In this case the concentra- 
tion of standard in TCA is increased to 2 mm, which with a 30 minute in- 
cubation is equivalent to 4 X 10-* mole hydrolysis per hour. 

The reagent consists of a mixture of equal parts of (a) 16 mM p-nitro- 
phenyl phosphate and (b) buffer at pH 5.3 (0.075 m disodium succinate, 
0.025 m succinic acid, 5 mm MgCl.). Because the substrate is not very 
stable at pH 5, the two reagent components are not mixed until just be- 
fore use.‘ 

Adenosinetriphosphatase—The reagent consists of a mixture of equal 
parts of (a) 5 mm adenosinetriphosphate (ATP) (e.g., ““chromatographed”’ 
sodium salt from the Sigma Chemical Company) and (b) buffer contain- 
ing per liter 0.03 m tris(hydroxymethyl)aminomethane (7), 0.03 mM 2-ami- 
no-2-methyl-1 ,3-propanediol (7), 0.03 m HCl, and 2mm MgClo. The final 
reagent pH is 8.4 + 0.1. This may be kept frozen until the blank value 
becomes too high. 

Aside from the use of a different reagent, the procedure given for alkaline 
phosphatase may be followed in detail as far as the point of transfer of the 
aliquot of supernatant TCA extract. However, a 30 minute incubation 
period is usually sufficient with 10 to 40 y of brain. The liberated inor- 
ganic phosphate is measured within an hour or less by adding to the 10 
ul. aliquot 100 ul. of molybdate-ascorbic acid reagent with very prompt 
and thorough mixing. Samples are read at 870 my after 15 to 45 minutes, 
but all are read at the same interval (+ 10 minutes) after molybdate addi- 
tion (since ATP is slowly split by molybdate). 

The molybdate reagent is prepared by mixing (a) 1 ml. of 2.5 per cent 
ammonium molybdate, (b) 23 ml. of acetate buffer (0.1 m acetic acid, 0.065 
M sodium acetate), and, just before use, (c) 1 ml. of 1 per cent ascorbic 
acid (fresh or frozen). 

Standards are conveniently prepared by running extra complete blanks 
and substituting 2 ul. of 10 mm KH2PO, in 30 per cent TCA for the TCA 
used with samples and blanks. With a 30 minute incubation, such a stand- 
ard would be equivalent to 40 X 10-* mole hydrolysis per hour. 
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If protein determination is to be made on the TCA precipitate, it is 
necessary to wash the acid precipitate twice with 5 per cent TCA to re- 
move substrate which would give a large blank with the Folin phenol re- 
agent. Such washing requires great care and good lighting to avoid loss 
of precipitated protein. 

Cholinesterase—The principle of this method is similar to that of the 
method of Croxatto et al. (8). Acetylcholine is split in a solution of 1.5 
mm sodium barbital containing phenol red. The acid dissociation con- 
stants of phenol red and barbital are within 0.1 pH unit of each other. 
Therefore, as the liberated acetic acid converts a stoichiometric amount of 
sodium barbital into free diethylbarbituric acid, a much smaller but almost 
proportionate amount of alkaline phenol red is converted into the acid 
form. A colorimetric reading at 561 my, in which only the alkaline form 
is measured, becomes therefore a direct measure of the enzyme action. 
Phenol red at the concentration used was shown not to be inhibitory. 

The stock buffer consists of 0.06 per cent phenol red in 0.03 m sodium 
barbital. This is diluted exactly 1:20 on the day of use with CO+-free 
redistilled water.° The substrate is 0.6 per cent (0.025 m) acetylcholine 
bromide (Distillation Products Industries), which is stored frozen in small 
quantities to avoid repeated thawing and is discarded if appreciable hy- 
drolysis occurs (low initial readings). 

The reaction tubes (40 to 50 mm. long) are made from carefully selected 
uniform 3 mm. Pyrex tubing with a bore of about 1.5 mm. and a tolerance 
of 3 per cent. These are used in a special adapter block for the Beckman 
spectrophotometer (4). 

The rack of tubes containing the sections for analysis (10 to 30 y of 
brain) is placed in a desiccator which is evacuated, and air is readmitted 
through a soda lime trap or from the outdoors. This is to avoid CO, as 
much as possible. In a room low in CO: (7.e., where people have not been 
working), 10 ul. of the dilute phenol red buffer are added to each sample 
with gentle tapping to disperse the sections. (A small soda lime tube is 
inserted in the rubber tube attached to pipettes used for adding buffer or 
substrate.) Each tube is at once covered with a tight fitting rubber cap 
cut from the end of a vial stopper. It is well to remove possible CO, from 
the rubber caps by evacuation before use. After a 10 or 15 minute fore- 
period, 1 ul. of substrate is added to each tube at zero time, and the sample 
is buzzed, with care to prevent scratching the bottom half. The rubber 
cap is replaced, and readings are made at \ 561 my at 2, 17, 32, 47 min- 
utes, etc. Before each reading the tube is gently tapped. 

5 Somewhat higher activity is obtained by substitution of 1 mm MgCl, in 0.1 n 


NaCl for the distilled water. The supporting data given in this paper were obtained 
without these additions. 
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The procedure is standardized by reading a few tubes after adding a 
trace of NaOH (R,) and a slight excess of acetic acid (R2.). The differ- 
ence in these two readings, ARgta., is equivalent tol10 K 10-® K 1.5 K 10% 
= 15 X 10-* mole of acetic acid liberation (or actually 15.8 K 10~° mole, 
since the phenol red is about 0.08 mm). In any tube a color change (cor- 
rected for blank) of 32 per cent of Rg. indicates the liberation of 5 « 10-° 
mole of acetic acid. The time ¢ in minutes to reach 32 per cent of Reta. 
is calculated by interpolation. The rate of enzyme activity is 5 xX (60/1) 
X 10-* mole per hour. This calculation is preferable to one based on the 
color change at a fixed period of time, since the readings depart from lin- 
earity after a third or a half of the color is gone. The eventual lack of 
linearity results from (a) the fact that the pK of phenol red is about 0.1 
unit more alkaline than that of barbital and (b) the pH is changing away 
from the optimum for the enzyme. However, the rate of enzyme activity 
does not fall below 90 per cent until more than half the color is gone. 

Temperature control is not critical, but correction to a single temperature 
may be made by use of Table IV. Usually a dozen samples may be run 
concurrently. 

If protein determination is desirable, the samples are precipitated with 
1 ul. of 66 per cent TCA, 10 ul. of supernatant fluid are removed, and two 
washings are performed with 10 ul. of 5 per cent TCA to get rid of phenol 
red which inhibits color development with the Folin phenol reagent. (This 
leaves 2 + 0.2 ul. of TCA behind.) The color reaction and readings are 
carried out in the cholinesterase tubes. The procedure previously de- 
scribed (6) is used except that the reagent volumes and compositions are 
changed to (a) 2 ul. of 2.3 Nn NaOH, (b) 10 ul. of 3 per cent Na2CO;-0.5 
per cent sodium tartrate-0.025 per cent CuSO,-5H,O, and (c) 4 ul. of the 
Folin phenol reagent (1.0 N in acid). The smaller final volume (18 ul.) 
compensates for the shorter light path. For greater accuracy, each tube 
may be finally rinsed and read with water to provide a cell correction. 
Appropriate protein standards may be provided by 1 ul. volumes of 50 to 
200 mg. per cent serum protein plus 1 ul. of 6 per cent TCA. 

Fumarase—This determination depends on the measurement of malate 
formed. The malate estimation is adapted from an unpublished method 
of the late Dr. J. F. Speck, which was based on a qualitative test of Eeg- 
riwe (9). Because it is a fluorescence method, the sensitivity greatly ex- 
ceeds the present requirements. 

The substrate reagent is 0.02 m fumaric acid in 0.04 m NasHPO, (pH 6.8 
+ 0.1). It is stored frozen to prevent bacterial growth. With this sub- 
strate the reaction is carried out exactly as described for alkaline phospha- 
tase, except that a 30 minute incubation is sufficient for 5 to 25 y of brain. 
Unless protein is to be determined, precipitation with acid may be omitted. 
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Instead, as soon as possible after the incubated tubes are returned to ice 
water, an aliquot of 8 ul. is added to 1 ml. of the fluorescence reagent in a 
3 ml. fluorometer tube (selected 3 ml. Pyrex test-tube). The samples are 
mixed immediately to stop the enzyme action. The fluorescence reagent 
consists of a fresh mixture of 1 volume of 56 mg. per cent of 8-naphthol 
in 0.004 nN NaOH with 25 volumes of 7:1 sulfuric acid (875 ml. of con- 
centrated HeSO, and 125 ml. of water). The stock 8-naphthol may be 
preserved frozen for a long time and is discarded when it turns quite yel- 
low. The viscous final reagent is conveniently handled with a syringe 
pipette (Mr. Herman Ruf, 5023 192nd Street, Flushing, New York) but 
a steel needle (even a stainless steel needle) is not safe to use. 

Because of the viscosity, vigorous mixing with a large buzzer (4, 5) is 
required, after which each tube is stoppered with an aluminum foil-covered 
cork, and, within an hour, heated for 30 minutes in a shallow boiling water 
bath. After cooling exactly to room temperature and removal of the 
stoppers, the samples are buzzed again and read in a fluorometer (e.g., 
Farrand) with a primary filter of Corning glass No. 5860 (Bl primary, 
which isolates the Hg line at \ 365 mu) and a secondary filter of Corning 
glass Nos. 5543 and 3387 (transmission chiefly at \ 465 my). 

The readings may be made either against quinine in 0.1 N H.SO, or, 
since the fluorescence is reasonably stable to light, against one of the stand- 
ards. These are conveniently provided by replacing the regular substrate 
reagent with 10 ul. of 0.5, 1.2, and 5 mm malic acid prepared in substrate 
reagent. The standards are carried through the entire operation together 
with the sample and blanks. With a 30 minute incubation a 1 mm stand- 
ard would be equivalent to 20 X 10~*° mole of malic formed per hour. 

If protein determinations are required, these may be performed on a 
TCA precipitate (2 ul. of 66 per cent TCA are added after incubation and 
10 ul. of the supernatant fluid are used for malate measurement). No 
washing of the protein precipitate is necessary. 

Notes on Fumarase M ethod—The fluorescence is linear with final concen- 
trations up to about 10-'m. With higher levels it is necessary to calculate 
from a curve. Samples may stand an hour and probably much longer 
before heating without change in final reading. After heating, no change 
in fluorescence was detected at the end of 3 hours. The same readings 
were obtained with samples heated 30, 45, and 60 minutes at 100°. The 
sulfuric acid concentration is critical. Substitution of 6:1 and of concen- 
trated sulfuric acid gave fluorescence readings that were 86 and 43 per cent, 
respectively, of those obtained with 7:1 sulfuric acid. At a lower tem- 
perature (60°) the reaction is very slow and probably incomplete. The 
reagent does not remain reactive after it has been once heated for 30 min- 
utes at 100°. Only a 20 per cent fluctuation is permissible in the pre- 
scribed (optimal) concentration of 8-naphthol. 
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The blank reagent fluorescence (chiefly from 8-naphthol) is appreciable, 
being equivalent to about 2 X 10-° per mole per ml., roughly the activity 
of 1 y of brain in an hour. The blank is minimized by suitable secondary 
fluorometer filters since the blank and malate have different fluorescence 
spectra (Fig. 1). If necessary, the blank may be reduced by developing 
fluorescence in a smaller volume and diluting with 7:1 sulfuric acid to read. 
Weaker acid as a diluent gives lower readings. 

The malate reaction is rather specific. According to Speck, the follow- 
ing give less than 1 per cent as much fluorescence as malate per mole: 
acetate, malonate, succinate, fumarate, cis-aconitate, a-ketoglutarate, gly- 
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Fig. 1. Fluorescence and absorption spectra in fumarase and aldolase methods. 
Fluorescence spectrum of condensation product of 10-5 m malic acid with 6-naphthol 
and of B-naphthol blank. Absorption spectra of dinitrophenylhydrazine derivatives 
of methylglyoxal and of triose phosphates in aldolase measurement (‘“‘brain’’). The 
ordinate is per cent of maximal fluorescence or optical density. 


cine, alanine, adenine, uracil, and xylose. The following give 1 to 3 per 
cent as much fluorescence as malate per mole: glucose, fructose, lactate, 
citrate, pyruvate, oxalacetate, aspartate, and glutamate. 

Aldolase—The substrate reagent is a fresh mixture of equal parts of 0.02 
M magnesium fructose-1,6-diphosphate (HDP) (Schwarz Laboratories, 
Inc., 230 Washington Street, Mt. Vernon, New York) and 0.12 m hydra- 
zine of pH 8.6 + 0.2. Each component may be preserved for long periods 
if frozen. The hydrazine is either prepared from hydrazine sulfate with 
1.5 moles of NaOH per mole of hydrazine or from hydrazine hydrate with 
0.5 mole of HCl per mole of hydrazine. The latter prepared from 100 per 
cent hydrazine hydrate (Fairmount Chemical Company, Inc., 136 Liberty 
Street, New York) has given lower blank values. 

With this substrate the procedure for alkaline phosphatase may be fol- 
lowed in detail, except that a 30 minute incubation is sufficient for 10 to 
50 y of brain. Although it is necessary to add TCA after incubation, it is 
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unnecessary to centrifuge unless protein measurement is required, since 
the protein will not interfere at the high final dilution. An aliquot of 10 
ul. of the TCA supernatant fluid is placed in the bottom of a 1 ml. tube 
(6 X 70 mm., A. 8. Aloe Company, St. Louis) and 10 ul. of 0.6 n NaOH 
are added with gentle tapping to be sure the two small volumes mix com- 
pletely. After 30 + 5 minutes at room temperature, 15 ul. of 0.1 per cent 
dinitrophenylhydrazine in 2 N HCl are added with careful mixing. (This 
reagent seems to keep indefinitely at 4°. Unless crystal-clear, it is cen- 
trifuged before use.) After 30 to 60 minutes at room temperature, 300 ul. 
of a mixture of 1 volume of 1 n NaOH and 2 volumes of ethylene glycol 
monomethyl] ether (methyl Cellosolve) are added with thorough mixing by 
buzzing (total volume 335 ul.). After another 30 to 45 minutes a reading 
is made at \ 570 mu. 

A molar extinction coefficient of 58,000 for the splitting of HDP has 
been obtained. For most purposes this will suffice as a basis of calcu- 
lation. (For example, with a 30 minute incubation an optical density of 
0.580, corrected for blank, would indicate splitting of (0.580/58,000) x 
(0.335/1000) & (10/12) XK (60/30) = 5.6 X 10-° mole of HDP split per 
hour.) 

Since the extinction coefficient is somewhat empirical (see below), it may 
be necessary for some purposes to have an independent standardization. 
This may be made on the basis of alkali-labile P (2) or by the following 
procedure, which is 10 times more sensitive and which appears to have 
other advantages: 2 ml. of substrate reagent are incubated with 100 ul. of 
1:10 brain homogenate (for example) for 45 minutes to split about 2 mm 
of HDP per liter. The reaction is stopped with 500 ul. of 25 per cent TCA 
and centrifuged. A blank is similarly treated. To 100 ul. of the super- 
natant TCA extract is added 1 ml. of the blank. Aliquots of 10 ul. of this 
diluted sample are analyzed by the regular procedure above. Another 100 
ul. aliquot of the original TCA extract is diluted with 100 ul. of water 
and 2 ml. of 1 N HCl in a long, slender tube. A standard is similarly 
prepared with 100 ul. of the blank, 100 ul. of 4 mm dihydroxyacetone 
(Nutritional Biochemicals Corporation, Cleveland), and 2 ml. of 1 nN HCl. 
Both samples are heated for 1 hour in boiling water to convert all trioses 
to methylglyoxal (10). Precautions are taken to prevent evaporation or to 
restore any lost volume, or a small portion is heated in a sealed tube. Ali- 
quots of 20 ul. of sample, standard, and appropriate blank are treated 
with 15 ul. of 0.1 per cent dinitrophenylhydrazine in 0.5 n HCl, and, 
after 30 minutes at room temperature, 300 ul. of alkaline methyl Cellosolve 
are added as in the regular procedure. The standard dihydroxyacetone 
reading is used to calculate the total triose present, and from this the molar 
extinction coefficient by the regular procedure may be determined. For 
methylglyoxal from dihydroxyacetone by this procedure « = 53,000 was 
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observed, which is equivalent to 106,000 for HDP. Hydrazine inhibits 
the conversion to methylglyoxal and must be kept low (2 or 3 mm) dur- 
ing this step. 

Notes on Aldolase Method—This method, which originated with Sibley 
and Lehninger (2), has been studied, with the result that certain changes 
have been made which have permitted adaptation to a small scale and 
perhaps increased the reproducibility. There are five steps concerned. 

Incubation—The buffer originally recommended (tris(hydroxymethy])- 
aminomethane) has been omitted, since hydrazine is itself a good buffer 
in the required pH range. The hydrazine concentration is not critical 
during incubation. , 

Acidification (with TC A)—For some obscure reason acidification is neces- 
sary before the following step in order to achieve full color. 

First Alkaline Treatment—This is the most critical step. Everything 
indicates that methylglyoxal or a close relative is formed at this point 
from both triose phosphates in about 60 per cent yield. In the absence of 
hydrazine, triose phosphates are converted in alkali to lactie acid (10). 
Apparently hydrazine traps the intermediate. With the present proce- 
dure no color at all is produced from dihydroxyacetone phosphate if hydra- 
zine is omitted. Hydrazine, alkali, and time are all interdependent in the 
production of maximal color. The reaction is slowed by increasing the 
hydrazine and decreasing the alkali. Color is diminished by too much 
alkali. With more hydrazine more latitude in alkali concentration is 
permissible. With 0.025 m hydrazine at this step, as suggested, the net 
alkali concentration may vary from 0.06 to 0.15 m without serious error. 
After the recommended time interval, the ultimate color slowly decreases, 
owing presumably to conversion to lactic acid. 

Reaction with Dinitrophenylhydrazine—This step is not critical. The re- 
action is 95 per cent complete in 10 minutes under the prescribed condi- 
tions. The product is stable for at least an hour and probably much longer. 

Final Color Development—The organic solvent is necessary to stabilize 
the color, particularly with small volumes. Otherwise, precipitation may 
occur with serious and capricious fading. The final net alkali concentra- 
tion may vary from 0.15 to 0.5 N without causing trouble. Fading and 
high blanks result from too little alkali. 

Free dihydroxyacetone and glyceraldehyde give low and non-propor- 
tional amounts of color in the present analytical procedure. For dihy- 
droxyacetone approximate values are e« = 2800 without alkaline treatment, 
e = 9000 with alkaline hydrazine treatment, « = 14,000 with the complete 
procedure. For glyceraldehyde values about half of these were obtained. 
In contrast, dihydroxyacetone phosphate® gave an e = 28,000, or about 


6 Prepared by Dr. T. Baranowski in the Department of Biochemistry. 
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half that observed for two triose phosphates formed from HDP. There- 
fore, glyceraldehyde phosphate must also yield a comparable amount of 
color, although Sibley and Lehninger concluded that most of the color 
comes from dihydroxyacetone phosphate. The spectra from methyl- 
glyoxal and from the triose phosphates in the present analytical procedure 
are not quite identical (Fig. 1). This leaves the question open as to the 
identity of the product obtained from triose phosphate in alkali in the 
presence of hydrazine. 


General Characteristics of Enzymes and Methods 


Effects of pH and Activators (Fig. 2)—The pH optimum for acid phos- 
phatase is more alkaline when Mg is present than without it (pH 5.9 com- 
pared to pH 5.3). Unpublished evidence indicates this is due to the pres- 
ence of two phosphatases, one of which has a marked requirement for Mg, 
with an optimum of about 6.5. Under the analytical conditions prescribed 
actually both enzymes are measured together. Reasonably good separate 
measurements of the two enzymes may be obtained with (a) succinate 
buffer, pH 5.0, without Mg, and (b) collidine buffer (0.05 m), pH 6.8, with 
5 mm Mg. Alkaline phosphatase activity is increased about 30 per cent 
by Mg. 

The pH properties of the rest of the enzymes are very similar to those 
reported by others for the same enzymes in other tissues. The relative 
pH independence of aldolase activity from pH 7.2 to 9.5 may be noted. 
Since the pH optimum for ATPase occurs where the two buffers used in 
Fig. 1 overlap, a mixture containing both has been prescribed. Doubling 
the concentration of either buffer caused only a 7 per cent decrease in en- 
zyme activity. 

ATPase of rabbit brain is inactive without a divalent cation (Fig. 3), 
and it is 50 per cent activated by 2 X 10-*m Mg. Ca activation (11) is 
only a third that of Mg (or Mn) and Ca appears to compete with Mg and 
inhibit the activity when both are present. Gore (12) observed similar 
behavior for guinea pig brain, except that Ca inhibited even in the absence 
of Mg. We observed this also with rabbit brain when a certain ATP 
preparation was used which gave substantial activity without added Mg. 
That is, Ca may always activate unless another more effective activator is 
already present. NaCl and KCl at 0.075 and 0.15 m were moderately 
inhibitory at pH 8.4, although at acid pH small amounts of K were stimu- 
lating, as Gore has found. The possibility that two enzymes are present 
has not been ruled out. 

Enzyme Kinetics—Well defined Michaelis constants were obtained for 
acid and alkaline phosphatase and for fumarase (Fig. 4). These are, re- 
spectively, 1.58, 0.89, and 1.83 mm. The fumarase constant is a little 
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lower than that found at the same pH by Massey (2.5 X 10-*) for crystal- 
line pig heart enzyme (14). 
The K, for brain aldolase is very small. No decrease in initial velocity 
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Fic. 2. The effect of pH on five brain enzymes. All incubated 30 minutes at 38°. 
Alkaline phosphatase, 500 y of brain incubated in 109 ul. of 0.05 m glycine buffer with 
5 mm Mg; acid phosphatase, 150 y incubated in 60 ul. of 0.05 m succinate-0.05 M colli- 
dine buffer with and without 5 mm Mg; ATPase, 490 y of brain incubated in 210 yl. 
with 1 mm Mg in either 0.05 m tris(hydroxymethyl)aminomethane buffer (curve 7’) or 
2,2-aminomethyl-1,3-propanediol (curve A); fumarase, 224 y of brain incubated in 
108 yl. of 0.05 m phosphate buffer except pH 4.9, which contained 0.15 N acetate as 
well; aldolase, 37 y of brain incubated in 46 ul. of 0.06 m hydrazine buffer. 
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Fic. 3. Effect of Mg and Ca on activity of brain ATPase. 490 y of brain in 210 
ul.; 30 minutes incubation. Ordinate, fraction of maximal activity. 


was observed with 10~* m substrate, from which it seems likely that the K, 
is not more than 10-' m. Meyerhof found no decrease in the initial ve- 
locity of skeletal muscle aldolase activity with 5 X 10~* m substrate (15). 

The K, for brain ATPase is so low as to make its measurement difficult. 








30 


It is probably considerably less than 10~* M. 
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Adenosinediphosphate 


(ADP) is quite inhibitory to brain ATPase. An enzyme preparation suffi- 
ciently free of myokinase to have little action on ADP was tested with 


various combinations of ATP and ADP. 


Values obtained for the ratio 


K,: K; (inhibitor constant) were 3.0, 3.2, 2.6, and 3.1; 7.e., the affinity of 
the enzyme for ADP is 3 times greater than it is for ATP. This probably 
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Fic. 4. Substrate-velocity relationship for three brain enzymes. The plot is 


made according to the method of Eadie (13). 
is ¥ wax, IK. 


The intercept on the abscissa 
Since the maximal velocity is here set at 1.0 for each enzyme and S is 


expressed in millimoles per liter, the intercept is the reciprocal of K, in millimoles 
per liter. 


Fia. 5. Activity of six brain enzymes with time. 
bated at 38°. 


All except cholinesterase incu- 
Alkaline phosphatase, incubated with 17.8 y of brain in 13.7 ul., color 


with 61 per cent aliquot at 59 ul.; acid phosphatase, same incubation conditions but 
color at 110 wl.; ATPase, 490 y of brain in 210 ul., color with 45 per cent aliquot at 
1.15 ml.; cholinesterase, 14 y of brain at 25° in 11.4 wl.; aldolase, 12.2 y of brain in 13.3 
ul., color with 74 per cent aliquot at 331 ul.; fumarase, 25.3 y of brain in 13.3 ul., 74 
per cent aliquot with fluorescence measured at 1 ml.; for fumarase a scale reading of 
0.5 = 5 X 10-® mole hydrated. 


accounts for some of the decrease in velocity with time in longer incuba- 
tions (Fig. 5). Although both AMP and inorganic P 
they are only about one-tenth as inhibitory as ADP. 

The K, for brain cholinesterase has been thoroughly investigated by 
others. The level prescribed here is about optimal. 
Enzyme Activity with Time and Amount of Brain 
guides to the limitations of the proposed procedures in regard to incubation 
and amount of brain. It is to be noted that the recorded range of 


time 
time 


and brain greatly exceeds that recommended. 


inhibit brain ATPase, 


Figs. 5 and 6 serve as 


Of the six enzymes, 
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ATPase activity falls off most with increasing product formation. The 
decrease of acid phosphatase activity with time is due to instability of the 
enzyme. In the case of alkaline phosphatase the fall after an hour is in 
part due to some instability of the enzyme at pH 10 and in part to failure 
of the glycine buffer to maintain the alkaline pH with longer incubation 
and such small volumes.* 

Reproducibility and Recovery Experiments with Partially Purified En- 
zymes—The reproducibility obtained by the proposed procedures is of the 
order of 5 per cent, expressed as the coefficient of variation (Tables I 
and IT). 
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Fig. 6. Activity of five brain enzymes with different amounts of brain. All incu- 
bated at 38°. Alkaline phosphatase, incubated 60 minutes at 12.6 ul. volume, color 
with 86 per cent aliquot at 60 ul.; acid phosphatase, 30 minutes at 12.6 ul. volume, 
color with 86 per cent aliquot at 109 ul.; ATPase, 60 minutes at 13.7 wl. volume, color 
with 61 per cent at 110 ul. volume; aldolase, 30 minutes at 59 ul., color with 72 per 
cent aliquot at 1.3 ml.; fumarase, 30 minutes at 13.3 ul. volume, fluorescence with 40 
per cent aliquot at 1 ml.; for fumarase a scale reading of 1.0 = 4 X 10 mole hy- 
drated. 


Each enzyme was partially purified from rabbit brain and returned to a 
crude homogenate to test for recovery (Table III). Four of the six en- 
zymes are predominantly insoluble in brain, and no great success was 
obtained in making them soluble. However, by freeing them of soluble 
enzymes and other soluble substances, it was possible to test for inhibitory 
or accelerating soluble materials in crude homogenates. 

Fumarase was purified 20-fold by fractionation with (NH4).SO, at pH 
7.5. The material was precipitated several times between 2.0 and 2.5 M. 
The preparation used to test recovery had a turnover number of about 
1000. Summation of activity within analytical limits was observed when 
this preparation was added to crude homogenate (Table III). 

Aldolase was purified 23-fold by fractionating at pH 7.5 with (NH4)2SOx. 
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Four precipitations were made between the following salt molarities, 1.8 
and 2.5, 2.0 and 2.4, 1.8 and 2.2, 1.9 and 2.2. The turnover number of 
the final preparation was about 250 (tested in dilute crystalline bovine 
albumin to protect the dilute enzyme). The activity was enhanced or 
protected about 10 per cent when added to crude homogenate (Table ITT). 

Although most of the acid phosphatase activity of brain is insoluble, a 
preparation with twice the activity of original brain was obtained from an 
acetone powder (prepared at — 12°) by extraction of the powder and pre- 


TABLE I 
Reproducibility of Analysis for Acid and Alkaline Phosphatase 


Samples of rabbit brain water homogenate, each containing 9.7 y of brain, were 
analyzed for both enzyme activity and protein. 


Alkaline phosphatase Acid phosphatase 


Substrate | Substrate | 


split (60 Protein Enzyme activity split (30 Protein Enzyme activity 
min.) min.) 
mole per kg. | mole per kg. mole per kg. | mole per kg. 
10-*% mole ¥ wet weight | protein per 10-9 mole 7 wet weight protein per 
per hr. “a per hr. hr. 
0.57 0.87 0.058 0.65 0.98 | 0.86 0.202 2.29 
0.59 0.87 0.060 | 0.68 0.92 | 0.93 0.191 1.99 
0.57 0.85 0.058 0.67 0.97 0.81 0.200 2.39 
0.52 0.82 0.053 0.64 | 0.94 0.84 0.193 2.24 
0.55 0.87 0.056 0.63 0.95 0.86 | 0.196 | 2.21 
0.56 0.92 0.056 | 0.59 0.92 | 0.91 | 0.191 | 2.13 
0.54 0.82 0.055 | 0.66 0.92 0.79 0.191 | 2.37 
0.53 0.83 0.0544 | 0.68 | 0.90 0.87 | 0.186 2.09 
0.54 0.91 0.055 0.59 0.92 0.86 0.190 2.14 
0.54 0.84 0.055 0.64 0.92 0.82 0.191 2.27 
Average......... 0.056 0.64 0.193 | 2.21 
SE cake wivans 0.002 0.03 0.005 0.14 


cipitation with (NH,)2SO, between 1 and 1.5m. A 15 to 20 per cent en- 
hancement of the activity of this purified material was observed when 
added to crude homogenate (Table III). This enhancement may possibly 
be due to a cofactor, since Dr. Byron Wenger (personal communication) 
has obtained definite evidence of such a factor for the acid phosphatase of 
chick nervous system. 

Alkaline phosphatase activity is at least 85 per cent insoluble and resisted 
attempts to put it in true solution (alkaline pH, acetone treatment, sonic 
disintegration). However, it was freed from soluble materials by extract- 
ing successively with tris(hydroxymethyl)aminomethane buffer at pH 7.2, 
2m KCl, and water. The residue was homogenized in a small glass grinder. 
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Part of the sample was dispersed with a sonic vibrator and reprecipitated 
with 2 m (NH,)2SO, with little loss in activity (but also without making 
the enzyme truly soluble). Both preparations were added to crude brain 
homogenate with satisfactory recovery of activity (Table III). 


TaBe II 
Reproducibility of Analysis for Four Enzymes 
Rabbit brain water homogenate used except as noted. Values reported as moles 
of substrate split or hydrated per kilo of brain per hour, except that in the case of 
sections the values are recorded as moles per kilo of protein per hour. The actual 
amounts of substrate transformed in each sample were 20 X 10-° mole of fumarate 
in 30 minutes, 11 X 10~-*® mole of hexosediphosphate in 30 minutes, 5 X 10-* mole of 
acetylcholine, and 6 and 11 X 10-* mole of ATP in 60 and 120 minutes, respectively. 


| 


Fumarase Aldolase } Cholinesterase ATPase 
18 y brain 34 y brain 14 7 brain Sections* 10 y brain 
} | 
| 2.19 | 0.60 0.34 4.2 | 0.63 
245 | 0.59 | 0.36 4.8 | 0.65 
| 2.28 | 0.62 0.33 4.3 0.61 
| 229 | 0.60 0.33 4.6 0.65 
2.15 | 0.61 0.36 4.2 0.60 
2.31 0.61 0.35 4.4 | 0.56¢ 
2.24 0.62 0.37 4.0 0.56¢ 
| 2.43 0.62 0.32 4.0 0.58t 
2.27 0.61t 
| 2.16 | 0.57t 
Repdinie....1 2.28 0.61 0.34 | 4.3 | § 
or 0.10 0.01 0.018 0.28 0.02 


* Frozen-dried sections of cortex containing an average of 4.4 y of protein. 
t Incubated 120 minutes; the other samples in this column were incubated 60 
minutes. 


¢t A macro sample (665 7) gave 0.63 mole per kilo per hour. 
§ Average 0.63 and 0.57 mole per kilo per hour at 60 and 120 minutes. Macro 
samples (250 y) gave 0.62 and 0.56 at corresponding incubation times. 


Adenosinetriphosphatase of a brain homogenate in 0.02 m Na Veronal 
was separated from soluble impurities by centrifuging at 18,000 r.p.m. after 
discarding the precipitate at 1000 r.p.m. The high speed precipitate was 
washed twice with 2 m KCl and twice with water and used for testing the 
recovery of activity when added to whole brain homogenate (Table III). 
Summation of activity was satisfactory. 

Cholinesterase was ‘‘purified’”’ 2-fold by discarding the precipitate ob- 
tained on centrifuging (3000 r.p.m.) a brain homogenate at pH 10 (0.5 N 
NH,OH, 0.05 n ammonium acetate) and collecting the precipitate obtained 
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after neutralizing with KH»2PO, and adding (NH,).SO; to 0.7 mM. The 
activity of this preparation and that of whole brain homogenate were ad- 
ditive within analytical limits when the two were combined (Table III), 


Tas_e IIT 
Recovery of Activity of Partially Purified Enzymes When Added to Whole Brain 
Homogenates 
The analytical conditions are those described in the text, except that the scale 
was increased 10- to 50-fold. Homogenates were made in water. 





Cholinesterase Fumarase Aldolase 
Hydrolysis Hydration Hydrolysis 
, Purified re .: |Purified - | Purified ou 
anes enzyme Ob- Calcu- a enzyme Ob- Calcu- mani — me Ob- Calcu- 
served lated served | lated served | lated 
| 
me | ome. [ryt foto ty | oy [mper ian per] am per| pe 
10.2 0 3.25 | 59 0 0.122 | 147 0 0.128 
19.2 | 0 6.78 103 0 0.198 |} 258 0 0). 226 
0 0.209 1.39 162 | 0 0.291 0 | 1.52 | 0.100 
0 0.425 2.56 0 0.30 | 0.136 0 2.66 0.182 
10.2 | 0.209 | 4.56 4.64 0 0.538 |0.204 | 147 1.52 0.240, 0.228 
10.2 0.209 4.69 4.64 59 , 0.53 0.333 | 0.326) 147 2.66 | 0.336 0.318 
103 0.30 0.316, 0.334) 258 | 1.52 0.344 0.326 
Acid phosphatase* Alkaline phosphatase | Adenosinetriphosphataset 
490 0 50 36 | (OO 40 
980 0 96 72 |0 78 
0 24 51 203 0 12.8 102. 0 104 
0 48 104 0 15 24.8 143 0 134 
490 24 109 101 203 15 37.4 | 37.6 0 1.74 23 
490 0 53 294 0 19.1 0 4.35 68 
0 24 59 0 12t | 25.2 36 | 1.74 60 61 
490 24 126 112 294 12t 46.7 | 44.3 36 | 4.35 98 100 
490 0 40 72 | 1.74 98 95 
0 21 68 72 | 4.35 | 131 126 


490 21 119 108 


* The results of three experiments conducted at different times are recorded. 

{7 Calculated from a curve, since activity is not strictly linear with amount of 
enzyme. 

¢ This enzyme preparation was made soluble with sonic vibration and reprecipi 
tated with (NH,).SO, (see the text). 


Temperature Coefficient—The six enzymes have very different tempera- 
ture coefficients (Fig. 7). Cholinesterase is least sensitive to temperature, 
having Qio = 1.21 between 10-38° (cf. Vahlquist (16)). Aldolase is most 
temperature-sensitive, with Qio = 4.1 between 4-15°. These data are con- 
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sonant with those of Herbert et al. (17) for muscle aldolase. The energy of 
activation for brain fumarase at pH 6.7 was found to be 6600 calories be- 
tween 25-38° and 14,600 calories between 4-15°. For crystalline pig heart 
fumarase at pH 6.6, Massey (14) found 6800 and 10,400 calories, respec- 
tively; z.e., agreement only at the higher temperature range. 

Two practical aspects of the temperature characteristics of these six en- 
zymes appear in Table IV. (1) To measure each enzyme with a precision 


0 











1.6 





1 i 1 
a 34 35 3.6 
Fic. 7. Effect of temperature on the activity of six brain enzymes. Experimental 
conditions as described under ‘‘Methods,”’ except for acid phosphatase, which was 
studied at pH 5 to 6 in the absence of Mg. 


TaBLe IV 
Effect of Temperature on Activity of Brain Enzymes 


Cholin- Acid Alkaline Aldol- 


Tp Fuma- 
ATPase | phos- »hos- " 
esterase phatase phatase ase rase 


Change in velocity at 25-38°, % per degree.| 5 1.5| 3.5| 3.5] 7.6 3.5 
Velocity at 4°, % that at 38° | 4 40 11 18 3 14 


of 3 per cent, the permissible temperature range varies from less than 0.5° 
for aldolase to 3° for cholinesterase. (2) The proposed methods for all of 
the enzymes except cholinesterase involve initial and final exposure of sub- 
strate to enzyme at 4°, which is not counted in the incubation time. To 
keep the 4° activity to less than 5 per cent of the 38° (1 hour) activity, the 
permissible exposure at 4° would be 90 minutes for aldolase but only 15 
minutes for alkaline phosphatase. 

Freezing, Drying, and Storage—In homogenates acid phosphatase is quite 
unstable. The activity disappears at 38° on a die away curve, with a half 
time of about 4 hours. The other five enzymes do not present any particu- 
lar problem in this regard, except that dilute homogenates (1:100) are 
difficult to preserve. 
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All six enzymes withstand freezing and drying (Table V). In fact, sev- 
eral of them increase in apparent activity by this treatment, owing pre- 
sumably to better disruption of the tissue. They are also all stable for at 
least 6 hours at room temperature, permitting ample time for dissection of 
frozen-dried sections. Aldolase and acid phosphatase are the least stable 
upon longer storage; cholinesterase is the toughest. 


TABLE V 
Stability of Enzymes of Brain to Freezing, Drying, and Storage 


Values recorded as per cent of non-stored frozen-dried samples. The homog- 
enates were made in water. 


| 


— a ATPase Aldo- | Fuma- — Alkaline! Colin. 
storage bo lase rase B wea neve esterase 
days om 
Fresh homogenate... ; 0 84 | 86 96 79 | 102) 105 
Frozen homogenate 0 70 92 100 84 105 —s:101 
Frozen-dried homogenate....| 0 (100) , (100); (100)' (100) (100). (100) 
Hg ‘i 0.25 25 95 94 98 104 101 
: a 1 25 99 90 91 82 99 99 
- e 25 88 O4 81 66 89 94 
‘ as 1 4 101 111 | 102 
te ” 6 4° 106 107 
- - ee —20 | 113* 97 111 103*, 101*, 100 
. . ee —20 | 126f 90 99t 102t 
" sections : 16 —20 | 109 90 107 
. a 400§ —20 115 | 111 100 103 
* 6 days. 
t 37 days. 
t 67 days. 


§ This is a comparison of samples from the stratum oriens of Ammon’s horn from 
‘ two different rabbits, one analyzed within 2 weeks, the other after storage of the dry 
sections for more than a year. 


At —20° all six enzymes are amazingly stable. There is no demon- 
strable loss in activity after 1 year in dried sections (Table V). Therefore 
a given set of sections may be stored and sampled for various analyses 
almost indefinitely. The increase in ATPase activity with storage is of 
interest. Hunter (18) and others have found striking increase in ATPase 
activity in liver mitochondria under various kinds of rough treatment. 


SUMMARY 


1. Methods are described for measuring six enzymes with as little as 5 
or 10 y of brain. 


2. Adenosinetriphosphatase and acid and alkaline phosphatase are meas- 
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ured with conventional substrates (ATP and nitrophenyl phosphate) by 
incubation at a 10 ul. volume and final color measurement at 50 to 100 ul. 

3. Cholinesterase is measured by the color change from acetylcholine 
hydrolysis in 10 wl. of a buffer-indicator pair (barbital and phenol red) 
having nearly the same pK. An almost linear relation between enzyme 
activity and color change is achieved. 

4. Fumarase is measured by determination of malate by an unpublished 
sensitive method of Dr. John Speck. This fluorometric procedure has 
sensitivity far in excess of the present needs. 

5. Aldolase measurement is based on the macroprocedure of Sibley and 
Lehninger. Certain changes were required on the micro scale and may 
also be helpful for macro work. 

6. The six methods have a coefficient of variation of about 5 per cent 
with 10 or 20 y of brain. 

7. All six enzymes were partially purified or separated from soluble com- 
ponents of rabbit brain and added to crude brain homogenates to test for 
summation of activity. No inhibition was observed, but slight enhance- 
ment was found for acid phosphatase and aldolase. 

8. All six enzymes withstand freezing, drying, and storage up to a year 
at — 20°. 

9. The effects of variation of pH, time, temperature, substrate concen- 
tration, and amount of enzyme have been investigated. 
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THE QUANTITATIVE HISTOCHEMISTRY OF BRAIN 
Ill. AMMON’S HORN* 
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MEI-LING WU, A. LEWIS FARR, anp R. WAYNE ALBERS 
(From the Department of Pharmacology, Washington University School of 
Medicine, St. Louis, Missouri) 


(Received for publication, July 13, 1953) 


Ammon’s horn is a region of the cerebral cortex (allocortex) which is 
organized in such a manner as to invite quantitative histochemical study. 
It is divided into six sharply defined layers or zones, several of which are 
histologically simple in comparison to the brain as a whole (Table I, Fig. 
1). One of the six layers (pyramidalis) is tightly packed with most of the 
cell bodies of the single predominant type of nerve cell present (a small 
pyramidal cell). Another layer (radiata) consists of very nearly pure den- 
drites. 

Samples of 5 to 20 y of each of the six zones can be isolated quite easily 
from frozen-dried sections. Such samples have been subjected to analysis 
for dry weight, Cl, inorganic P, acid-soluble P, lipide P, nucleic acid and 
residual P, cholesterol, lecithins, cephalins, sphingomyelins, riboflavin, acid 
and alkaline phosphatase, adenosinetriphosphatase, cholinesterase, aldolase, 
and fumarase. 

Since it would require an unreasonably large number of determinations 
to study many different brains in this histochemical manner, fifteen whole 
rabbit brains were homogenized and analyzed for the constituents listed 
to determine the amount of variation which occurs from animal to animal. 


Material and Methods 


The method of obtaining suitable frozen-dried tissue for analysis and 
most of the microchemical procedures have been described (1-3). Choles- 
terol was determined by a fluorometric procedure.! Lecithins, cephalins, 
and sphingomyelins were measured by procedures of Robins et al.2 The 
samples analyzed were not whole sections but small fragments of histo- 
logically distinct layers dissected from dry sections under a microscope. 

The analyses of fifteen whole rabbit brains were carried out on a some- 
what larger scale than the histochemical measurements, but the same 

* Supported in part by a grant from the American Cancer Society through the 
Committee on Growth of the National Research Council. 


1 Albers, R. W., and Lowry, O. H., to be published. 
2 Robins, E., McCaman, R. E., and Lowry, O. H., to be published. 
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methods were used. These brains were from albino rabbits of the same 
type and age group as those of the histochemical studies. 


Results 


Variation between Different Whole Rabbit Brains—There was found to be 
remarkably little range in the concentration of fourteen constituents in 


Fic. 1. Histological layers of Ammon’s horn (alveus, oriens, pyramidalis, radiata, 
lacunosum, and molecularis). Also shown is the molecular layer of the adjacent 


fascia dentata (M. F. D.). Serial sections stained with toluidine blue (Nissl) and 
osmic acid. 


TaBLeE I 


Structure of Ammon’s Horn 


Approxi- 
Layer mate Major components 
thickness 
“u 
on, Ee 200 Myelinated fibers (with cell bodies in pyramidalis) 
Oriens... a kicaen 250 Non-myelinated axons and dendrites 
Pyramidalis...... 50 Densely packed cell bodies which give rise to nearly 
all fibers in other layers 

Radiata... 400 Dendrites, closely packed 
Lacunosum 150 ss crossed by myelinated fibers 
Molecularis.... 200 Terminal arborizations of dendrites and communi- 


cating axons together with prominent vessels of 
pia mater 
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fifteen rabbit brains (Table 11). The coefficients of variation were only 
about 1 per cent for protein and total P, and were approximately 5 per 
cent for most of the other constituents. The effects of age were negligible, 
except for a 5 per cent (statistically significant) increase in the proportion 
of dry weight in the older group. 

F Because of the small dispersion of these data for whole brain, it is to be 
expected that a given zone of the brain will also be rather constant in com- 


TaBLe II 
Composition of Fifteen Rabbit Brains 


Values based on wet weight. 


ter | auch | st | St [Do wet) ain tout |e sat, 
> oo keg gm. gm. per kg. gm. per kg. ma per kg = per kg. mu per kg 
8-11 10 2.2 6.76 211 97.8 123.8 | 19.2 11.2 
d. 0.2 0.45 3.4 1.3 1.2] 0.3 0.5 
S.e.m. 0.1 0.14 1.2 0.4 0.4) 0.1 0.1 
14 5 4.6 7.66 223 97.4 124.7 | 18.3 11.8 
S.d. 0.6 0.63 4.0 0.9 1.8 0.6 0.3 
S.e.m. 0.3 0.32 2.3 0.4 0.7 | 0.3 0.1 
Acid- , ; 
hee Linde insu | Nagi | ghow_ | ‘phon | ATPase | Giotine | dey | Fume 
P phatase | phatase 
mos. ” | mM per kg - i i Ss = - = my Ss m4 od my i 
| hr. hr hr. hr hr. hr. 
8-11 59.0 15.2 6.80 271 64 1252 388 675 2800 
8.d. 1.4 0.6 0.29 12 12 92 14 26 140 
S.e.m. 0.4 0.2 0.09 4 4 32 4 9 45 
14 59.7 16.6 6.69 250 54 1013 398 675 2720 
S.d. 2.0 0.8 0.15 19 5 200 42 28 79 
S.e.m. 0.9 0.4 0.07 9 3 89 19 12 35 


* Inorganic plus labile P. 
+ Data for cholinesterase 


of brains. 


position from rabbit to rabbit. 


only a few brains would seem to have general validity. 


abrupt transitions in values usually occur between one zone 
This is illustrated by typical individual data for lipide P (Fig. 
sinetriphosphatase (Fig. 3). 


and aldolase obtained with samples from a second set 


Therefore, analyses of various zones of 
Of course it is not 
possible to conclude that all brain constituents will prove to be as constant 
as these that have been measured. 

Homogeneity within Each Zone of Ammon’s Horn 
a rule that each zone is quite constant in composition throughout, whereas 


It has been found as 


and the next. 
2) and adeno- 
These data also serve to confirm the sharp- 











42 HISTOCHEMISTRY OF BRAIN. III 


ness of dissection. Although homogeneity within a given layer has been 
generally true, in several instances minor differences have been observed 
between the inner and outer portions of the wide zona radiata. The por- 
tion of this zone which is adjacent to the pyramidal cell layer contains 
large packed dendrites which have not yet undergone much branching. 
Ammon’s Horn, Proximate Composition (Table III)\—The most striking 
contrast in over-all composition of the layers of Ammon’s horn is between 
the myelinated alveus and the layer of packed cell bodies, pyramidalis, 
The total dry weight is almost twice as great per unit volume in alveus 
as in pyramidalis. The dry weight data have been confirmed rather re- 
markably by Dr. Holger Hyden, using a completely independent means of 
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Fig. 2. Distribution of lipide phosphorus in six layers of Ammon’s horn and the 
molecular layer of fascia dentata (M. F.). 

Fiq. 3. Distribution of adenosinetriphosphatase in the layers of Ammon’s horn. 
It will be noted that in several instances samples from two different layers were dis- 
sected from the same tissue section. 


measurement (x-ray absorption). His data for the first five layers are 370, 
220, 160, 220, and 260 gm. per liter.* Although the value for alveus is 
higher than that in Table III, samples of Ammon’s horn have been found 
in the present study which averaged 330 gm. dry weight per liter in the 
myelinated layer. 

The cell body layer contains relatively little lipide (hexane- and chloro- 
form-soluble material). Although the cell bodies are tightly packed, there 
is some admixture of fibers as they approach their cell bodies. Therefore 
the cell bodies are undoubtedly even lower in lipide than the figures indi- 
cate. The two layers adjacent to pyramidalis, which consist almost en- 
tirely of dendrites and naked axons, contain a rather surprising amount of 
lipide considering the absence of any visible myelination. The effect of 


3 Personal communication. 
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myelinated fibers in lacunosum on its composition is evident, in that the 
values lie between those for alveus and radiata. 

It is to be seen that the amount of protein is relatively constant on a 
volume basis. (The lower value in alveus has not been borne out in other 
series.) This relative constancy is an analytical convenience, since any 


TaBLe III 
Dry Weight, Protein, Total Lipides, and Chloride of Ammon’s Horn 


All values recorded as per cent of dry weight unless indicated. Three different 
sets of samples were used for these data (Columns 1 to 4, 5 to 8, and 9 respectively). 








Dry weight removed by | 
successive extractions | | | 
wit Dry Non- | 
Layers B..# | | — | Protein —_— Protein} Cl 
| Hex- CHCI; |Ethanol | ethanol | ethanol | 
ane | | | 
a }|@e!|eo}]@a]o]o!]@m | @ | @) 
} | m.e 
gm. gm. | per kg 
perl. | perl. | dry 
| | weight 
I i sce ci haved 303 | 31.0 | 26.9 | 3.9 | 38.3 | 30.8| 7.5 | 93 | 195 
S.em.*............./ 11 | 0.4] 1.6] 0.9 | 0.3] 1.8] 1.6] 6 4 
Oriens... ..| 204 | 21.5 11.7 | 9.7 | 59.4 | 51.0 | 8.4 | 104 189 
S.e.m.. on eRe 8 | 0.4] 0.7) 1.0] 0.8] 1.4 1.0 | 6 7 
Pyramidalis...........| 170 | 9.7 | 9.7 6.0 | 78.0 | 66.0 | 12.0 | 112 | 238 
eT ee st 3 GaP aa eet a BT OF 6 2 
RS 25 ieee 233 | 18.7 | 12.1 | 9.3 | 62.1 | 54.2 | 7.7 | 126 | 216 
eee 12; 1.0) 6.8) 1.4 eee ge 8 5 
Lacunosum ea 271 | 26.2 | 17.2} 8.6 | 49.2 | 43.7; 5.5] 118 183 
ee eee 7 0.7; 0.6) 0.3 1.8; 2.1 1.0 | 6 6 
Molecularis. . ....| 206 | 19.4 | 12.0 | 7.8 | 61.3 | 51.6 | 9.7) 107 192 
BPM bocce baud Ss 0.7 1.0} 0.5 0.5 1.0 1.8 5 2 


* Standard error of the mean. Most values are the average of five or six deter- 
minations. 
t Average of only two values. 


data which are based on protein will approximately parallel data based on 
wet weight or volume. 

If chloride is entirely extracellular, it can be used as a measure of extra- 
cellular fluid. When the values in Table III are recalculated as millimoles 
per liter they become 59, 39, 40, 50, 50, and 40 respectively. Assuming 
the extracellular chloride concentration to be about 110 mm per liter these 
data suggest that 35 to 45 per cent of the non-myelinated layers and about 
55 per cent of alveus consist of extracellular fluid. 

Phosphorus and Lipide Fractions—In view of the differences in proximate 
composition among the layers of Ammon’s horn, it is surprising to find 
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almost the same amounts of inorganic and acid-soluble P in all layers (Ta- 
ble IV). These values are based on protein and therefore indicate approx- 
imate constancy on a volume or wet weight basis. The residual P also is 
found to be constant except in alveus, and here it is possible that failure to 
extract the last traces of lipide may give a falsely high value. (Residual 
P is that left after extracting successively with trichloroacetic acid, alcohol, 


TaBLe IV 
Phosphorus and Lipide Fractions of Ammon’s Horn 


All values recorded as millimoles per kilo of protein. Data from three rabbits 
(Columns 1 to 3, 4 to 5, and 6 to 9 respectively). In most instances each value is 
the average of five to seven single values. 


» | a | Ee | elt _ | Sphin- | ¢ 
organic soluble Lipide cleic onl Cepha- | Leci- pa al Chol- 
P organic F acid P lins thins ie esterol 
4 at 

(1) (2) (3) (4) (5) (6) (7) (8) 9) 

Alveus ebdays ah? 142 1033 85 492 361 140 841 
S.e.m. 7 8 37 11 33 23 10 23 
Oriens > .| 185 140 627 23 47 269 285 58 308 
S.e.m. 5 8 28 7 7 12 14 4 18 
Pyramidalis......... 187 128 297 | 191 50 162 173 29 93 
Se a ce 8 5 21 22 16 tT Tt Tt 10 
eee F 185 127 563 29 43 246 283 52 272 
S.e.m. beers a 3 5 20 5 2 7 9 oF 8 
Lacunosum 166 145 630 27 +4 373 370 124 453 
S.e.m. ; 5 6 25 5 5 22 7 18 34 
Molecularis 171 131 515 33 53 339 337 80 313 
S.e.m. 5 8 15 2 2 28 7 6 10 


* Values for nucleic acid based on absorption at \ 260 my are in reasonable agree- 
ment with these values. Thus with a different brain average values were obtained 
of 40, 222, 31, and 33 millimoles of nucleotide per kilo of protein in oriens, pyra- 
midalis, radiata, and lacunosum plus molecularis respectively. 

t Based on only two values. 


and hot perchloric acid.) The nucleic acid distribution emphasizes the 
sharp localization of cell bodies in pyramidalis. 

The large differences in lipide P are borne out by the data for individual 
phospholipides. The cell body layer is low in all lipides, but is especially 
poor in sphingomyelin and cholesterol (Table IV). It seems possible that 
all the cholesterol found in pyramidalis is present in contaminating fibers 
rather than in cell bodies. In agreement with Brante (4) and others 
sphingomyelin and cholesterol are found to be far more abundant in white 
matter than elsewhere, and lecithins are relatively less important in white 
matter than in gray. It will be noted that there is about a 1:1 ratio of 
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cephalins to lecithins in all layers except alveus. In most of the layers the 
four lipide fractions measured account for about 90 per cent of the weight 
of the extracted lipides of Table III. However, in alveus only 60 per cent 
of the lipides were accounted for. Most of the discrepancy may be attrib- 
uted to cerebrosides (not measured), which others have found to be espe- 
cially prominent in white matter (4-6). 

Attention is drawn to the fact that the three fiber layers, oriens, radiata, 
and molecularis, although free of myelinated fibers, are nevertheless quite 
rich in lipides, especially lecithins and cephalins. 

Enzymes and Riboflavin (Table V)—The true significance of the presence 
of a certain enzyme at a certain concentration is difficult to establish. 
However, until proved otherwise, it may be reasonable to assume that the 
enzymes measured are functionally significant and are present in propor- 
tion to their actual activity in the living tissue. According to this assump- 
tion fumarase would be indicative of the level of metabolism of dicar- 
boxylic acids and probably of the Krebs cycle and aldolase would be a 
measure of glucose metabolism whether glycolytic or oxidative. Cholines- 
terase is a presumed measure of cholinergic fibers, particularly of their 
finer arborizations and synapses (7). The significance of adenosinetri- 
phosphatase is unknown, but it is tempting to suggest that it is related to 
total adenosinetriphosphate (ATP) metabolism and therefore a measure of 
total energy production. Acid and alkaline phosphatase are without es- 
tablished significance in the brain. Riboflavin, as a probable measure of 
total flavoproteins, is indicative of a large group of the oxidative enzymes. 

Three of the six enzymes measured, acid phosphatase, aldolase, and 
ATPase, are found to be distributed according to a somewhat similar pat- 
tern in the six layers of Ammon’s horn. Within each layer the ratios of 
these three enzymatic activities approximate 1:1.5:2 respectively. In 
general all three enzymes are high in the three non-myelinated fiber and 
dendrite layers (oriens, radiata, and molecularis). The molecular layer, 
however, is relatively poor in aldolase. In the myelinated layer, alveus, 
the ratios between the three enzymes differ from those of other layers; there 
are only about half as much acid phosphatase and two-thirds as much 
ATPase as might be expected from the amount of aldolase present. 

It is a little surprising to find the cell body layer somewhat low in most 
of the six enzymes. It is, however, rich in fumarase. Molecularis is an- 
other layer with more than average fumarase. Since it also contains the 
greatest amount of riboflavin, it may be particularly dependent on oxi- 
dative processes. Except for the higher level in molecularis, riboflavin is 
rather evenly distributed in Ammon’s horn. 

Cholinesterase is low in all layers compared to average brain. In this 
respect Ammon’s horn resembles cortex in general (8). The myelinated 
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layer contains more cholinesterase activity than expected, since Nachman- 
sohn found only one-twentieth as much activity in white matter as in gray 
cortex (8). The molecularis is the most active of the six layers. This is 
reasonable in view of the abundance of arborizing fibers. Pope (9) found 
the molecular layer of rat cortex to be richer in cholinesterase than any 
other cortical layer. 

Alkaline phosphatase is also low in Ammon’s horn on both a relative and 
absolute basis. The comparatively high value in molecularis is in keeping 
with the finding of Landow et al. that blood vessels in the brain give a 
strong reaction for alkaline phosphatase by microscopic techniques (10). 


DISCUSSION 


Although anatomically distinct layers have been analyzed with resulting 
simplification in comparison to the brain as a whole, each layer is still 
rather complex compared, for example, with skeletal muscle. Perhaps the 
simplest layers are pyramidalis and radiata. The bulk of radiata cer- 
tainly appears to consist of dendrites. One might assume that this zone 
has essentially two phases, extracellular fluid making up 40 per cent of the 
volume, judged from the chloride data, and dendrites making up the rest. 
However, the histological appearance of frozen-dried material together 
with the high lipide content suggests the hypothesis that this region is 
composed of dendritic cytoplasm with relatively low content of total solids, 
embedded in or coated by a lipide-containing extracellular matrix or cover- 
ing. Whether or not this is correct, dendrites appear to be associated 
with lipide which is composed of approximately equal molar ratios of 
cephalins, lecithins, and cholesterol, with much less sphingomyelin and 
presumably little cerebroside (since most of the lipide is accounted for). 
The observed enzymatic activities make it appear that dendrites are very 
active metabolically. Dr. Jack L. Strominger (unpublished) has found 
that radiata is also quite rich in both lactic and malic dehydrogenases, 
which, together with data for aldolase and fumarase, indicates a high 
capacity for both glycolytic and oxidative metabolism. It may be pointed 
out that dendrites probably compose the bulk of non-myelinated parts of 
the brain, since non-myelinated axons are relatively slender and cell bodies 
and glia probably make up less than 10 per cent of the mass of gray matter 
(11, 12). Because of this and their richness in the above enzymes it seems 
probable that “brain metabolism” is quantitatively chiefly ‘dendrite me- 
tabolism.” 

Brante (4) has suggested that the cytoplasm of the neuron is almost 
devoid of cholesterol and sphingomyelin. If it is assumed that there is 
no cholesterol in the cell bodies in pyramidalis, then it may be calculated 
that this layer consists of about 20 per cent fibers (exclusive of extracellular 
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fluid), 35 per cent extracellular fluid, and 45 per cent actual cell bodies. 
Assuming these values, it is possible to correct for the fiber constituents 
present and roughly calculate the composition of the cell bodies them- 
selves.» On a wet weight basis such calculation indicates 22 per cent dry 
weight, 17 per cent protein, 2.8 per cent total lipides (chiefly equal parts of 
lecithins and cephalins), 1.5 per cent nucleic acid, and 1.7 per cent other 
solids. Total acid-soluble P is about 50 mm per kilo. These values are 
not dissimilar from those found for cells of an organ such as the kidney. 
There is no evidence from present enzyme measurements that the cell 
bodies are more active metabolically than their dendrites. The modest 
value for acid phosphatase in pyramidalis does not concur with that re- 
ported by Wolf et al. (13). These authors, using a microscopic staining 
technique (Gomori (14)), found the greatest activity in cell bodies and 
axons. The discrepancy may arise from the rather marked instability of 
brain acid phosphatase (3), which might distort the staining methods. 

It is surprising to find the myelinated fiber layer so rich in the enzymes 
measured. Acid phosphatase is the only enzyme which is not at least half 
as active in alveus as in any of the other layers. Acid-soluble P, which one 
associates with active cytoplasm, is about equal in alveus to that in other 
layers. Tupikova and Gerard made the same observation with respect to 
cortical gray and white matter (15). These findings raise the question 
whether all of the metabolic activity can be assigned to the axons plus the 
oligodendroglia and astrocytes. The glial cells, while numerous, must 
contribute a rather small bulk. Unless the axons are larger than is usually 
visualized or richer in enzymes than is most cytoplasm, it may be necessary 
to attribute some of the metabolic activity to the myelin itself, as though 
the myelin were a special lipide-rich variety of cytoplasm. 

In conclusion, the present data on Ammon’s horn demonstrate that it is 
-practicable to analyze direetly bits of brain or other tissue weighing 10 y 
or less and thereby to derive concrete evidence as to the chemical compo- 
sition of some of the individual components of an organ as complex as the 
brain. By further scaling down methods, a quite practical undertaking, 


4 The average cholesterol in the two layers adjacent to the cell body layer is 290 
mo per kilo of protein. Therefore, 93/290 X 100 = 32 per cent of pyramidalis con- 
sists of fibers and their attendant extracellular fluid. According to the chloride, 40 
per cent of this or 12 per cent is extracellular fluid, which leaves a net of 20 per cent 
actual fibers (dendrites and axons). 

5 For example, the average dry weight in neighboring oriens and radiata is 218 
gm. per liter. Therefore fibers and dendrites extending from these layers contribute 
32 per cent of 218 or 70 gm. to the cell body layer, which leaves 100 gm. associated 
with the cell bodies and their extracellular fluid. After deducting 1 per cent of the 
extracellular fluid, this gives 98/45 X 100 = 218 gm. per liter (22 per cent) of dry 
weight in the cell bodies themselves. 
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and by broadening the analytical approach, it is evidently possible to assess 
the chemical nature of the many types of cell bodies, dendrites, axons, 
sheathes, and glial elements in the nervous system. 


SUMMARY 


1. By direct microchemical procedures, six histologically distinct layers 
of Ammon’s horn of the rabbit have been analyzed for dry weight protein, 
total lipides, four lipide fractions, five phosphorus fractions, six enzymes, 
and riboflavin. 

2. The predominant type of cell body present (small pyramidal cell) 
appears to be much lower in total lipides than is the rest of the brain. Its 
general composition resembles that of the cells of an organ such as the 
kidney. 

3. The dendrites are at least as rich in metabolic enzymes as are the cell 
bodies. They probably account quantitatively for the bulk of brain me- 
tabolism. Substantial quantities of lipides are associated with dendrites 
(about equal quantities of cholesterol, lecithins, and cephalins), but the 
question is raised whether these lipides are not in but around the cytoplasm 
of the dendrites. 

4. As found by others, the lipides of the myelinated fibers are com- 
paratively rich in sphingomyelin and cholesterol. Because the enzyme 
activity and content of acid-soluble P in the myelinated layer seem larger 
than one would expect from the axons and glia, it is suggested that the 
myelin itself may be metabolically active. 
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THE ROLE OF p-AMINOBENZOATE IN PANTOATE 
SYNTHESIS BY BACTERIUM LINENS* 


By M. PURKO, W. O. NELSON, ano W. A. WOOD 


(From the Laboratory of Bacteriology, Department of Dairy Science, 
University of Illinois, Urbana, Illinois) 


(Received for publication, August 21, 1953) 


The biosynthesis of pantothenate (PA) from valine has been postulated 
by Kuhn and Wieland (1) to involve (a) the oxidative deamination of 
valine to a-ketoisovalerate, (b) the hydroxymethylation of this substance 
to form a-keto-8,8-dimethyl-y-hydroxybutyrolactone (ketopantoyl lac- 
tone), (c) the reduction of ketopantoyl lactone to pantoyl lactone, and (d) 
the coupling of pantoy! lactone and 6-alanine toform PA. Valine has been 
implicated in the synthesis of PA or pantoate, since both pantoate and val- 
ine reverse the salicylate inhibition of Escherichia coli growth (2, 3). More 
recent evidence by Maas and Vogel (4) shows that a-ketoisovalerate is a 
precursor of both valine and pantoate. Although a chemical conversion 
of a-ketoisovalerate to ketopantoate has been obtained (1), the biochemical 
reaction has not been demonstrated. The reduction of ketopantoy] lactone 
to pantoyl lactone by resting yeast, reported by Kuhn and Wieland (1), 
and ability of ketopantoate to replace pantoate for growth of an E. coli 
mutant or to reverse salicylate inhibition of growth, as observed by Lans- 
ford and Shive (5), are strong evidence that ketopantoate is an intermedi- 
ate in pantoate synthesis. The formation of a peptide bond between 
pantoate and §-alanine was demonstrated by Wieland and Moller (6) and 
Wagner and Guirard (7). A partially purified enzyme from E£. coli, cata- 
lyzing the synthesis of PA from pantoate and §-alanine, has been prepared 
by Maas (8). 

An alternative synthetic pathway involving the hydroxymethylation of 
valine to a-amino-8 ,$-dimethyl-y-hydroxybutyrate (pantonine) and the 
conversion of pantonine to pantoate has been investigated by Ackermann 
and Shive (2). Pantonine was equivalent to pantoate in reversing salicy- 
late inhibition and when in high concentration supported growth of an £. 
coli mutant (2). It was, however, inactive as a substitute for pantoate 
for the growth of Acetobacter suboxydans. The conjugate of pantonine 
with B-alanine, N-(pantonyl)-8-alanine, did not replace pantothenate for 
the growth of lactic acid bacteria (9, 10). 

The ability of p-aminobenzoate (PABA) to substitute for PA for the 


* A preliminary account of-this work was presented at the Fifty-third meeting of 
the Society of American Bacteriologists, San Francisco, 1953. 


51 





52 PANTOATE SYNTHESIS 


growth of Bacterium linens, strain 456, reported by Purko et al. (11), hag 
indicated that PABA may function in PA synthesis. The experiments 
described below were undertaken to locate the PABA-dependent reaction 
(or reactions) in the synthetic pathway. The data are in agreement with 
the findings of Kuhn and Wieland (1) and Maas and Vogel (4) that pan- 
tothenate is formed from a-ketoisovalerate via ketopantoate and pantoate, 
In addition, evidence has been obtained implicating PABA in a hitherto 
unrecognized function; namely, in the hydroxymethylation of a-ketoiso- 
valerate to ketopantoate. 


Methods 


Bacteriological—B. linens, strain 456, from the department culture col- 
lection was used. The cultural reactions and nutritional requirements of 
this organism have been described previously (11-13). The inocula for 
nutritional studies were grown in a complex medium (14) with aeration for 
2 days at 25°, washed three times, resuspended, and diluted to an optical 
density of 0.1; 1 drop was used to inoculate each tube. The basal medium, 
containing enzyme-hydrolyzed casein, glucose, tryptophan, cystine, ade- 
nine, guanine, uracil, and Salts A and B, was prepared as described pre- 
viously (11). The cultures were incubated at 25° on a reciprocating shaker 
and the growth was estimated turbidimetrically at desired intervals. 

Materials—Pantoate was prepared from [-pantoy] lactone, obtained from 
Dr. Karl Folkers of Merck and Company, by autoclaving in dilute alkali 
(15). Ketopantoyl lactone was supplied by Dr. F. M. Strong. Keto- 
pantoate was prepared by dissolving the ketolactone in dilute alkali (1). 
dl-Pantonine was obtained from Dr. W. Shive. Potassium a-ketoisoval- 
erate was obtained from Dr. I. C. Gunsalus. The other compounds were 
obtained commercially. 


Results 


Previous experiments have shown that B. linens, strain. 456, requires 
either PA or PABA for growth in a medium containing casein hydrolysate 
(11). No single amino acid, purine, or pyrimidine was required for this 
interaction (12). It thus appeared that PABA functions in a reaction in 
the synthetic pathway from amino acids to pantothenate. To locate the 
PABA-dependent reaction, possible precursors of PA, such as pantoate, 
pantonine, ketopantoate, a-ketoisovalerate, and a-hydroxyisovalerate, were 
tested for growth-promoting ability in the absence of PABA. As shown 
in Fig. 1, pantoate (1.9 y per ml.) and ketopantoate (1.7 y per ml.) were 
essentially as active as PA (3 y per ml.) in supporting growth, whereas 
a-ketoisovalerate (2 to 100 y per ml.), dl-a-hydroxyisovalerate (4 to 200 
y per ml.), and dl-pantonine (3.8 to 200 y per ml.) were inactive. 
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No growth was obtained on folic acid or folinic acid in concentrations 
equivalent to the optimal level of PABA (Fig. 1). When the concentration 
was increased from 70 mygm. per ml. to3 y per ml., some growth was ob- 
tained, but this was equivalent to the growth evoked by 1/200th that con. 
centration of PABA. 

When the PABA concentration was decreased to 4 mugm. per ml., very 
slight growth occurred. The addition of a-ketoisovalerate then caused a 


Taste I 
Reversal of Sulfanilamide and Salicylate Inhibition 
The medium contained PABA and folic acid and either sulfanilamide or salicylate 
in the concentrations indicated. The incubation time was 90 hours. Other con- 
ditions as in Fig. 1. 





Optica! density X 10 








Additions, mugm. per ml. 














nhibitor cinta ee a —- 
p- Aminobenzoate Folic acid 
57 114 228 1430 
Sulfanilamide 

7 "|p al. a eee ae i. 2 i ne i, 
0 5.85 6.38 5.09 | 7.70 
3 0.13 2.75 3.47 | 5.23 
5.7 0 0.56 4.20 5.23 
28.6 0 0 0 | 0.22 

Salicylate 
0 | 469 | 6o2 | 56 | 7.70 
57 | 0.22 2.08 3.77 2.60 
114 wer 0.18 | 1.49 | 0.97 
228 | 0 | 0 


0 0 





greatly increased growth response (Fig. 2). a-Hydroxyisovalerate and 
pantonine, to a lesser extent, were also stimulatory, but valine was inactive. 
Thus a-ketoisovalerate, though inactive in the absence of PABA (Fig. 1), 
exerted a PABA-sparing effect. That is, when a-ketoisovalerate was 
added, less PABA was required for a given growth response. 

In order to establish further the PABA-dependent reaction, competitive 
inhibitors which interfere with PA synthesis (16, 17) were employed. Sul- 
fanilamide (SA) and salicylate (SAL) inhibited growth in the presence of 
PABA (Table I). By varying the PABA, SA, and SAL concentrations, it 
was found that the amount of inhibition was dependent upon the PABA-SA 








or the 
jn a mi 
with 5 
mide ¢ 


The 
salicyl 
ml.), | 
jsovale 
The in 


_— 


ple 


ta 
ac 


II 











ations 
ration 
AS ob- 
t con- 


, Very 
ised a 


cylate 
r con- 





and 
ive. 


was 





XUM 


M. PURKO, W. 0. NELSON, AND W. A. WOOD 55 


or the PABA-SAL ratio. Thus SAL acted as an antimetabolite for PABA 
in a manner superficially similar to that of SA. The inhibition indices (18) 
with SA and SAL were 53 and 1000 respectively. 3 y per ml. of sulfanila- 
mide and 57 y per ml. of salicylate were required to inhibit growth com- 


TABLE II 


Reversal of Sulfanilamide and Salicylate Inhibition 

The medium contained PABA (57 mugm. per ml.) and either sulfanilamide or 

salicylate in the concentrations indicated. PA (3 y per ml.), pantoate (1.9 y per 

nl.), ketopantoate (1.7 y per ml.), a-ketoisovalerate (2 y per ml.), dl-e-hydroxy- 

jsovalerate (4 y per ml.), and dl-pantonine (3.8 y per ml.) were added as indicated. 
The incubation time was 90 hours. Other conditions as in Fig. 1. 





| Optical density X 10 





Inhibitor es a e seeees, iiece RET Ani nang 2 
None | PA | Pantoate | Ketopantoate| Pantonine eee fet aoe 
Sulfanilamide 
+ per mil. | 
0 3.98 | 10.0 | 9.59 | 8.54 | 5.09 | 6.02 | 4.32 
0.29 1.74 9.21 | 8.24 | 8.54 6.38 | 4.44 | 3.67 
1.14 1.19 | 8.24 | 8.54 8.24 | 6.78 | 1.48 2.84 
3.0 0.13 9.21 | 8.54 8.24 | 3.10 | 2.21 | 0.86 
4.29 0 9.21 | 8.54 7.16 | 1.67 | 1.08 | 0.08 
5.71 0 9.21 | 8.54 7.38 | 0.96 | 0.22 | 0 
7.14 0 9.21 | 8.54 | 7.21 | 0.22 |0 #=| O 
143.0 0 7.96 | 3.57 2.84 | 0 0 0 
Salicylate 
0 4.32 9.21 | 8.24 | 7.45 | 4.95 | 5.23 | 4.32 
14 | 1.48 9.59 | 6.78 | 6.20 | 2.36 | 2.67 | 2.07 
29 0.55 8.86 | 7.21 | 6.20 | 1.19 | 1.08 | 1.24 
57 | 0.22 8.54 | 7.21 | 6.38 | 0.75 | 0.70 | 0.90 
114 0 8.86 | 6.58 6.20 0.17 | 0.22 0.13 
286 0 | 8.86 | 5.25 3.19 | 0 0 0 
571 | 0 | 6.99 | 3.01 | 0.97 || 0 0 0 
1143 0 5.69 | 0.31 0.17 0 0 0 
0 0.13 0 0 0 0 


1428 0.27 


pletely in the presence of an optimal PABA concentration (57 mygm. per 
ml.). Folic acid and folinic acid when present in high concentration an- 
tagonized both SA and SAL inhibition. With 1.43 y per ml. of folic 
acid, growth occurred with up to 14.3 y per ml. of SA or 57 y of SAL. 
PA precursors were tested for the ability to reverse SA inhibition (Table 
II). As indicated by the high growth response, equivalent amounts of PA, 
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pantoate, or ketopantoate were equally effective in reversing SA inhibition 
over a wide range of SA concentration (1 to 143 per ml.). Pantonine 
a-ketoisovalerate, a-hydroxyisovalerate, and valine were weak SA antago. 
nists. These compounds, however, did permit rapid growth in the pres. 
ence of 3 y perml.of SA. The ability of PA precursors to reverse salicylate 
inhibition also is shown in Table II. PA, pantoate, and ketopantoate re. 
versed the inhibition completely over a wide range of SAL concentration 
(57 to 571 y per ml.), whereas a-ketoisovalerate, a-hydroxyisovalerate, 
pantonine, and valine were ineffective antagonists. Thus a marked differ. 
ence in the antagonistic ability of the PA precursors was observed. Pan. 
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Fig. 3. Pathways of pantoate synthesis 


toate and ketopantoate were active, non-competitive antagonists, whereas 


pantonine, a-ketoisovalerate, a-hydroxyisovalerate, and valine were weak 
competitive agents. 


DISCUSSION 


Several pathways for the conversion of valine or a-ketoisovalerate to 
pantoate have been considered (Fig. 3). In each pathway, the same reac- 
tions are required, namely, an oxidative deamination or transamination, 
a hydroxymethylation, and a reduction, but the order in which these reac- 
tions occur is different in each case. The evidence obtained with B. linens 
favors the operation of the pathway postulated by Kuhn and Wieland (1), 
involving a-ketoisovalerate, ketopantoate, and pantoate. Ketopantoate 
and pantoate replace PA for growth, and a-ketoisovalerate supports growth 
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in the presence of a limiting PABA concentration. These results are in 
agreement with those of Kuhn and Wieland (1), Lansford and Shive (5) 
for ketopantoate, and Maas and Vogel (4) for a-ketoisovalerate as inter- 
mediates in PA synthesis. 

An alternative pathway involving pantonine as an intermediate has been 
studied by Ackermann and Shive (2). Although pantonine satisfies the 
PA requirement of some organisms, its status as an intermediate is in 
doubt. Pantonine displayed slight antisulfanilamide and antisalicylate ac- 
tivity, but did not substitute for PA for the growth of B. linens. While 
some of the data suggest that pantonine utilization is a PABA-dependent 
process, its ability to stimulate growth on a low PABA concentration was 
appreciably less than that of either a-ketoisovalerate or a-hydroxyisovale- 
rate. A conversion of pantonine to ketopantoate presumably would not 
involve PABA since, at present, there is no evidence for a réle of PABA in 
either oxidative deamination or transamination reactions. 

Pantoate could be formed by the conversion of valine or a-ketoisovalerate 
to a-hydroxyisovalerate, followed by hydroxymethylation of the latter to 
pantoate. Since this acid neither substituted for PA nor acted as an in- 
hibitor antagonist, no evidence is available for the operation of a pathway 
involving a-hydroxyisovalerate. 

Since PA is required for the growth of B. linens, in the absence of PABA, 
the ability of pantoate and ketopantoate to substitute for PA and to re- 
verse sulfanilamide and salicylate inhibition non-competitively is evidence 
that the conversion of these precursors to PA does not require PABA. The 
inability of a-ketoisovalerate, a-hydroxyisovalerate, or pantonine to sup- 
port growth in the absence of PABA or to reverse sulfanilamide or salicylate 
inhibition in a non-competitive manner indicates that PABA may be re- 
quired for the conversion of these compounds to an active PA precursor. 

The foregoing data are consistent with the hypothesis that PABA func- 
tions in the conversion of a-ketoisovalerate to ketopantoate. This over-all 
process is equivalent to a hydroxymethylation. The réle postulated for 
PABA in this reaction is similar to the other functions reported; namely, 
the transfer of a 1 carbon unit (methyl, hydroxymethyl, formyl, or car- 
boxyl (COz) group). 


SUMMARY 


Either PA or PABA is required for the growth of Bacterium linens, strain 
456. Folic and folinic acids are inactive except at high concentrations. 
For growth in the absence of PABA, pantoate, and ketopantoate are equiv- 
alent to PA, and a-ketoisovalerate enhances growth when the PABA con- 
centration is limiting. Pantonine, a-ketoisovalerate, and a-hydroxyiso- 
valerate are inactive as substitutes for PA. 
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PANTOATE SYNTHESIS 


Growth on PABA is inhibited competitively by sulfanilamide and salj- 
cylate. PA, pantoate, and ketopantoate reverse inhibition non-competi- 
tively, whereas a-ketoisovalerate and pantonine are weak competitive 
antagonists. 

These data indicate that PABA is required for the conversion of a-keto- 
isovalerate to ketopantoate. 
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THE METABOLISM OF I®'!-LABELED DITODOTYROSINE* 


By W. TONG, ALVIN TAUROG, anp I. L. CHAIKOFF 
(From the Department of Physiology of the University of California School of Medicine, 
Berkeley, California) 


(Received for publication, September 15, 1953) 


Diiodotyrosine exists in the thyroid gland primarily as a component of 
protein thyroglobulin. Only about 1 to 2 per cent is present as the free 
amino acid (1). Evidence was presented in a previous communication to 
show that bound diiodotyrosine, and not the free amino acid, is the pre- 
cursor of thyroxine in the thyroid gland (1). 

Roche and his coworkers have suggested that free mono- and diiodo- 
tyrosine are produced in the thyroid gland along with free thyroxine by 
proteolysis of thyroglobulin (2). The former two amino acids are not 
released into the circulation, according to these workers, because they are 
rapidly deiodinated in the thyroid gland itself, a fate not shared by thy- 
roxine. Roche and his group have emphasized deiodination as the major 
metabolic fate of free (or added) diiodotyrosine, not only in the thyroid 
gland but in extrathyroidal tissues as well. 

On the other hand, shortly after the discovery of diiodotyrosine in the 
thyroid gland, Foster and Gutman (3) fed extremely large amounts of this 
amino acid to rabbits, and isolated from their urine a compound which was 
identified as 3,5-diiodo-4-hydroxyphenyllactic acid. This finding sug- 
gests that deamination may be an important step in the metabolism of 
diiodotyrosine in the intact animal. A similar observation was recently 
reported by Hartmann, again using large doses of diiodotyrosine (4). 

With the aid of I'*'-labeled diiodotyrosine of high specific activity and of 
filter paper chromatography (Fig. 1), we have studied the metabolic fate 
of small doses of free diiodotyrosine, both in isolated tissues and in the 
intact animal. Our findings indicate that both deamination and de- 
iodination play a réle in the metabolism of added diiodotyrosine by liver 
and kidney tissue. In the case of thyroid tissue, however, added diiodo- 
tyrosine is not deaminated, but is readily deiodinated. 


EXPERIMENTAL 
In Vitro Procedures 
Liver, kidney, spleen, brain, heart, and diaphragm were removed from 
adult rats of the Long-Evans strain which had been maintained on Purina 
* Aided by grants from the United States Public Health Service. 
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Laboratory chow. Thyroid glands were obtained at a local abattoir from 
freshly slaughtered sheep. 

Slice Experiments—Tissue slices were prepared manually with razor 
blades. 300 or 500 mg. portions of the slices were suspended in 3 or 5 ee. 
of the Krebs-Ringer-bicarbonate buffer (5) containing labeled diiodotyro- 
sine (6 to 12 y per cc.). The bicarbonate buffer was saturated with a mix- 
ture of 95 per cent O» and 5 per cent CO: in the case of the aerobic experi- 
ments. When anaerobic conditions were desired, a mixture of 95 per cent 
N: and 5 per cent CO2 was used. Various substrates that were tested (py- 
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Fig. 1. Radioautographs of I'*!-labeled diiodo-.-tyrosine. a, the purified prepa- 
ration; 6, after incubation for 2.5 hours in oxygenated bicarbonate-Ringer buffer 
without tissue. O, origin: Ty, diiodotyrosine; I-, inorganic iodide; S, solvent front. 


ruvate, a-ketoglutarate, succinate, and fumarate) were added, as weighed 
amounts of the sodium salts, directly to the incubation flasks before the 
addition of the tissue. The incubation vessels were flushed with the ap- 
propriate gas mixture, stoppered, and agitated gently for 2.5 hours in a 
constant temperature bath at 37.5°. 

At the end of the incubation period the contents of the flasks were trans- 
ferred to glass homogenizing tubes, and made alkaline with 2 drops of 2 
N NaOH. The tissue was thoroughly homogenized, and the resulting sus- 
pensions were analyzed by the filter paper chromatographic procedure de- 
scribed in an earlier publication (6). Satisfactory chromatograms were 
obtained, provided not more than 20 ul. of the viscous material were de- 
livered on to the paper strips. 








cc. W 
Kreb 
porti 
[31-]e 
adde 
desc! 
Ea 
man 
from 
solu 
gena 
C 
dioa 
cial 
on ' 


Thi 


bra 
lie | 
the 
Bri 
of © 
dia 
of | 
inc 
thi 
an 


dic 


th 
in 


a. & km a 


from 


razor 
5 ce, 
tyro- 
mix- 
peri- 
cent 
(py- 


pa- 
ffer 
nt. 


1ed 
the 


la 


ns- 
(3 
1s- 
le- 
re 





W. TONG, A. TAUROG, AND I. L. CHAIKOFF 61 


Homogenate Experiments—Homogenates containing 100 mg. of tissue per 
ce. were prepared by grinding weighed amounts of tissue with ice-cold 
Krebs-Ringer-bicarbonate buffer in all-glass homogenizing tubes. 3 cc. 
portions of the homogenate were pipetted into incubation flasks to which 
[labeled diiodotyrosine and the desired additional substrate had been 
added. The samples were incubated, alkalized, and chromatographed as 
described for the slice experiments. 

Experiments with Rattlesnake Venom—Rattlesnake venom (Crotalus ada- 
manteus), a source of L-amino acid oxidase, was purchased in powder form 
from Ross Allen’s Reptile Institute (Silver Springs, Florida). A simple 
solution of this material in water actively oxidized diiodo-t-tyrosine. Oxy- 
genation and the addition of catalase were not required (7). 

Counting of Filter Paper Chromatograms—To facilitate the assay of ra- 
dioactivity in the various bands on the filter paper chromatograms, a spe- 
cial instrument was constructed that permitted counts to be taken directly 
on the paper strips without prior elution of the radioactive compounds. 
This instrument consisted of a brass plate mounted on a gear train in such 
a manner that the plate could be advanced in small increments. This 
brass plate formed a backing for the filter paper strip which was made to 
lie flat on the plate by means of a rectangular brass frame that weighted 
the edges of the filter paper. A Lucite shield above the filter paper kept 
8 radiation from passing through, except at a 1 X 6 cm. slit near one end 
of the shield. By mounting an end window Geiger-Miiller tube (6 cm. 
diameter) above this slit, a radioactive assay could be made on the section 
of filter paper exposed by the slit. The paper was advanced manually, in 
increments of 1 cm., the exact width of the slit in the Lucite shield. In 
this manner the entire filter paper strip was counted in sections 1 cm. wide, 
and the radioactivity was correlated with the bands visualized on the ra- 
dioautographs. 


In Vivo Procedures 


Adult rats of the Long-Evans strain were injected intravenously, via 
the tail vein, with 10 to 100 y of I'*-labeled diiodotyrosine. At short 
intervals thereafter, 0.5 cc. samples of blood obtained from the tail were 
collected in heparinized centrifuge tubes. Not more than four samples 
were removed from any one animal. These samples were centrifuged, and 
filter paper chromatograms were prepared from 20 ul. of the plasma ob- 
tained. Radioactivity in the various fractions of the chromatogram was 
determined with the strip counter described above. 

When urine samples were desired, the animals were placed in metabolism 
cages immediately after injection of the radioactive diiodotyrosine. 
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Experiments in Vitro 


Metabolism of Diiodotyrosine by Liver and Kidney Slices and 
Identification of Metabolic Products 


When I-labeled diiodotyrosine was incubated with rat liver or kidney 
slices, a large portion of the added amino acid was metabolized. The 
major part of the iodine at the end of the incubation period was in the form 
of inorganic iodide (Table I; Fig. 2, a). Radioautographs of the filter 
paper chromatograms also revealed faint bands which suggested the for- 
mation of organic metabolic products. 

The addition of pyruvate to the medium in which the slices were sus- 
pended enhanced the formation of metabolic products other than iodide 


TaBLe [ 
Metabolism of I'*!-Labeled Diiodotyrosine in Vitro 








Per cent I'*! on chromatograms found in 
































bette — 
| zfs lel.l le esate 
Pe Tissue preparation | 3 2 g% - |5 2 lode 
Origin] 2 | 3 | BS | 8 |Modide| 255 |metabo- 
3 | 88/88! ¢ Be 5| lized* 
Als’ ja | 8 ae 
1.1 X 10-5 m | Blank, no tissue 2.2 | 90.0] 0 0 0 7.7) 0 
1.1 X 10-5 “| Rat liver slices 2.0 | 33.6} 0 1.3 | 0.8 | 61.3) 0.8 | 62.6 
34x 0s * . " sg 3.5 | 38.0) 1.7 | 5.1 | 3.5 | 45.7] 2.5 | 58.4 
ee eae is ‘© homoge- 2.9 | 83.0) 0 0 0.8 | 13.2) 0.8] 7.8 
nate 
2.1 X 10-5 “* | Rat liver homoge- | 2.6 | 85.9! 0 0 0.6 | 10.3} 0.8 | 0 
nate 
3.6 X 10-5 “* | Rat kidney slices 2.5 | 38.4) 4.2 | 1.2 | 1.1 | 52.6) 1.0 | 57.3 
28 xX DO i iy > 6.4 | 25.3) 0 0.7 | 0.5 | 67.0) 0.5 | 66.5 
',1xKk we “ ‘* homoge- | 4.3 | 72.4) 6.1 | 0 2.4 | 13.4, 1.2] 4.0 
nate | 
2.1 X 10-5 “ | Rat kidney homoge-| 3.4 | 80.6] 3.5 | 0 1.4} 9.5) 1.6 | 10.5 
nate | 
13x ma Sheep thyroid slices |36.0 | 47.8) 0 0 0 16.1) 0 45.7 
Se pe en si sie 35.8 | 49.4) » +3 0 14.8] 0 45.1 
1ixi8«| « “ ho-|1.1/ 89.550 |0 |o | 9.310 | 4.0 
| mogenate | | 
2.6 X 10-5 “ | Rat spleen slices 0 | 90.8) 0 | 0 |0 9.20 0 
24 x%I** ‘* diaphragm 0 91.0, 0 1.1) 0 7.7) 0 0 








* In calculating the per cent of radiodiiodotyrosine metabolized, it was necessary 
to consider the amount of iodide present which was not due to the action of tissue. 
Since this blank value differed for different experiments, the ‘‘per cent of radiodi- 
iodotyrosine metabolized” values for each experiment were calculated by using the 
blank value for that particular experiment. 
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(Fig. 2, 6; Table II). This was also observed when a-ketoglutarate was 
added instead of pyruvate. It seemed likely, therefore, that a transami- 
nation reaction was involved (8) and that the keto or hydroxy analogues 
of diiodotyrosine might be identified on the filter paper chromatograms. 
Indeed, when synthetic samples of these compounds were added as markers 
to the tissue extract just before chromatography, the known compounds 
were found to coincide exactly with two of the bands appearing on the 








me Same Spe IPP 





Fia. 2. Radioautographs of rat liver tissue that had been incubated with I'*- 
labeled diiodo-L-tyrosine. a, liver slices; b, liver slices in the presence of 0.01 m 
pyruvate; c, liver homogenate; d, liver homogenate in the presence of 0.01 M pyruvate. 
The symbols have the following significance: O, origin; Ty, diiodotyrosine; DIPL, di- 
iodohydroxyphenyllactic acid; X, unidentified product; I-, iodide; DIPP, diiodo- 
hydroxyphenylpyruvic acid; 8, solvent front. 


radioautographs. The location of the known compounds on the chromato- 
grams was determined by indicator sprays. Diiodo-p-hydroxyphenyllactic 
acid (DIPL) gave a red color when sprayed with diazotized sulfanilic acid. 
Diiodo-p-hydroxyphenylpyruvie acid (DIPP) gave a yellow color when 
sprayed with a saturated solution of 2,4-dinitrophenylhydrazine in 1 N 
HCl. The latter could be converted into an intense red by spraying with 
2 Nn NaOH. 

In addition to the two known compounds described above, a third band 
was observed on the radioautographs very close to the position taken by 
added thyroxine. However, on many of the chromatograms the coinci- 
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dence between this band and that for added thyroxine was not exact. 
Furthermore, the formation of this component was not inhibited by the 
addition of thiouracil, an agent which has been shown to inhibit the con- 
version in vitro of diiodotyrosine to thyroxine (9). It would appear, there- 


TABLE II 
Effect of Pyruvate and a-Ketoglutarate on Metabolism of 
g 


I'31_Labeled Diiodotyrosine in Vitro 


Per cent I'*! on chromatograms found in 





clam ___ | Per cent 
2 : PS 7 e | edie 
on Rat tissue preparation 8 2 g - § 2 iodoty- 
Origin) 2 |B | BR) J |lodide| 255 | metabo- 
als 146 | 6 _— 
1.3 X 10-5 m | No tissue, 0.01 m 1.0) 82.0: 0 0 0 17.0 0O 
pyruvate 
2.1 X 10-5 “‘ | Liver slice 2.9) 35.3) 0 2.4 1.4) 56.6; 1.4) 61.9 
21x we - “ + 0.01 mM) 3.6; 36.5) 0 5.7 3.0, 49.9) 2.2) 60.6 
pyruvate 
2.1 X 10-5 “* | Liver slice + 0.01 Mm) 3.9) 35.6) 0 5.4 3.2) 47.0; 4.7| 61.6 
a-ketoglutarate 
3.4 X 10-5 “ | Liver homogenate 3.8] 82.0) 2.8 | 0 1.2} 8.8) 1.0) 10.0 
3.4 X 10-5 “ - - 16.5} 22.7| 8.5 | 0 22.1) 17.1) 13.0] 75.1 
+ 0.01 M pyruvate 
Liver homogenate 3.1] 85.8) 2.1 | 0 1.9} 6.4) 0 0.5 
“3 - 18.7) 13.6) 5.6 | 5.5 | 17.3] 12.7) 26.4] 84.2 


+ 0.01 mM a-keto- 


glutarate 
2.1 X 10°-'m | Kidney slice 4.4, 25.0) 0 1.3 1.8} 60.0, 2.5) 71.6 
4X wee vi < + 4.9) 24.8) 0 4.1 2.1); 61.1) 3.1) 71.8 
0.01 M pyruvate 
2/1 K 10-5 “ | Kidney slice + 4.3) 23.8) 0 3.9 2.6; 60.0 3.6 73.0 
0.01 mM a-ketoglu- 
tarate 
3.4 X 10-5 ** | Kidney homogenate 5.7; 70.6) 5.9 | 0 2.7) 11.2} 3.9, 22.5 
54x ‘i 3 12.5| 40.9! 7.5 | 0 13.7} 11.5) 14.0 55.2 
+ 0.01 M pyruvate 
Kidney homogenate | 4.3) 72.4 6.1 | 0 2.4| 13.4 2; 16.0 
7 e 17.1) 26.1) 3.4 | 6.1 6.4! 15.1) 25.8 69.7 
+ 0.01 mM a-keto- 


glutarate 


* In calculating the per cent of radiodiiodotyrosine metabolized, it was necessary 
to consider the amount of iodide present which was not due to the action of tissue. 
Since this blank value differed for different experiments, the ‘“‘per cent of radiodi- 
iodotyrosine metabolized’’ values for each experiment was calculated by using the 
blank value for that particular experiment. 
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fore, that this unidentified component, which we have named ‘“‘Compound 
X,” is not thyroxine. The nature of Compound X is being further inves- 
tigated. It is clearly not monoiodotyrosine, diiodothyronine, or triiodo- 
thyronine. 


Metabolism of Diiodotyrosine by Liver and Kidney Homogenates 


Homogenized tissue differed from slices in the manner in which it me- 
tabolized diiodotyrosine. Both liver and kidney homogenates, in the ab- 
sence of additional substrates, were relatively inactive in metabolizing di- 
iodotyrosine. However, the effect of added pyruvate or a-ketoglutarate 
was much more pronounced in the homogenate than in the slice. This 
can be seen by comparing Fig. 2, b with Fig. 2,d. The formation of both 
DIPP and Compound X was greatly enhanced in both liver and kidney 
homogenates by the addition of pyruvate or a-ketoglutarate. The actual 
distribution of the radioactivity among the various fractions in liver and 
kidney slices and homogenates with and without pyruvate and a-ketoglu- 
tarate is shown in Table II. In the slice, both with and without added 
substrate, a much larger percentage of the I'*! was recovered as inorganic 
iodide. 

The homogenate also differed from the slice in that the former showed 
very little or no formation of DIPL. Apparently the system which, in the 
slice, is capable of reducing the a-keto to the a-hydroxy acid is inactivated 
by homogenization of the tissue. 

A band corresponding to monoiodotyrosine was also frequently observed 
in the radioautographs prepared from homogenates, especially of kidney, 
but not in those prepared from slices. 

The radioactivity remaining at the origin of the chromatograms, which 
in some homogenate preparations amounted to 15 to 20 per cent, suggests 
that iodination of tissue protein had occurred. 

Added succinate or fumarate had no effect on the metabolism of diiodo- 
tyrosine by liver and kidney slices or homogenates. 


Metabolism of Diiodotyrosine by Thyroid Tissue Slices and Homogenates 


Thyroid tissue differed markedly from liver and kidney in the manner 
in which it metabolized diiodotyrosine. The radioautographs which illus- 
trate this point are shown in Fig. 3. There is no evidence of the multi- 
plicity of bands that was observed with kidney or liver tissue. Apparently 
thyroid tissue does not possess a transaminating mechanism for ditodotyrosine, 
even in the presence of added pyruvate. 

Diiodotyrosine underwent little change when added to a thyroid homog- 
enate (Fig. 3, b). In the presence of thyroid slices, on the other hand, 
a large fraction of the added diiodotyrosine disappeared during the course 
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Fig. 3. Radioautographs of sheep thyroid tissue that had been incubated with 
I'3!_labeled diiodo-L-tyrosine. a, slices; b, homogenate; c, slices in the presence of 
0.001 m thiouracil. Symbols as for Fig. 2. 
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Fic. 4. Radioautographs of a, rat spleen homogenate; b, rat heart homogenate; 
and c, snake venom after incubation with I'*!-labeled diiodo-L-tyrosine. Symbols as 
for Fig. 2. 
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of the incubation (Table I; Fig. 3). The largest portion of the metabolized 
jodine was present in the band at the origin of the chromatogram, a posi- 
tion known to be occupied by thyroglobulin (1). However, when thiouracil 
was present in the medium in which the slices were suspended, inorganic 
iodide accumulated (Fig. 3, c) and practically no thyroglobulin was formed. 
Deiodination therefore proceeded independently of organic iodine forma- 
tion. 

Whether, in the absence of thiouracil, the I'*' in the thyroglobulin ap- 
peared there by direct incorporation of diiodotyrosine into the protein or 
whether deiodination of the diiodotyrosine provided inorganic iodide for 
conversion to thyroglobulin in the thyroid slices cannot be inferred from 
these data alone. The latter mechanism seems more likely to us in view 
of evidence previously presented that free diiodotyrosine is not the pre- 
cursor of thyroxine in the thyroglobulin molecule (1). 

From the experiments described in this section, it may be concluded that 
deamination of diiodotyrosine does not occur in thyroid tissue. The major 
metabolic pathway of free diiodotyrosine in the thyroid is rather in the 
direction of releasing iodide for conversion to thyroglobulin. 


Metabolism of Diiodotyrosine by Homogenates of Other Tissues 


When diiodotyrosine was incubated with slices or homogenates of rat 
heart, spleen, diaphragm, or brain, very little metabolic change in the 
labeled amino acid was noted. The amounts of inorganic iodide present 
at the end of the incubation period differed negligibly from those present 
in samples from which the tissues were omitted (Table I; Fig. 4, a and 
4, b). 


Metabolism of Diiodotyrosine by Snake Venom 


Snake venom is known to contain the enzyme, L-amino acid oxidase (7). 
It appeared of interest, therefore, to study the action of venom on diiodo- 
tyrosine. Chromatography of the products of such a reaction resulted in 
the radioautograph shown in Fig. 4, c. Practically all the diiodotyrosine 
was metabolized by the snake venom, and DIPP and Compound X were, 
along with inorganic iodide, the chief products of the reaction. The strik- 
ing similarity between the metabolism of diiodotyrosine by snake venom 
and by tissue homogenates containing added pyruvate is seen by comparing 
Fig. 4, c with Fig. 2, d. 

In the case of the tissue systems, however, it seems more likely that 
transamination, rather than oxidative deamination, is the mechanism in- 
volved in the deamination of diiodotyrosine. The evidence for this is as 
follows: (1) Anaerobic conditions did not prevent the deamination or de- 
iodination of diiodotyrosine (Fig. 5); (2) deamination was greatly enhanced 
by the addition of pyruvate or a-ketoglutarate (see the previous sections). 
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Fic. 5. Radioautographs showing the effect of anaerobic conditions on the me- tio 
tabolism of I'%!-labeled diiodo-L-tyrosine by liver and kidney slices. a, aerobic, 
and b, anaerobic incubation of radiodiiodotyrosine with liver slices; c, aerobic, wi 
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Fia. 6. Metabolism of N-acetyldiiodotyrosine. Radioautographs prepared from 
I'31_labeled, N-acetyldiiodotyrosine after incubation. a, without tissue; b, with 
rat liver slices; c, with snake venom; and d, with sheep thyroid slices. AcTy, N-ace- 
tyldiiodotyrosine; other symbols as for Fig. 2. 
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Metabolism of I'*'-Labeled N-Acetyldiiodotyrosine by Liver, Snake 
Venom, and Thyroid 


The importance of the free a-amino group in the enzymatic transforma- 
tions of diiodotyrosine described above is indicated by the results of experi- 
ments with I"*!-labeled N-acetyldiiodotyrosine. The results of the incuba- 
tion of this compound with liver slices and with snake venom are presented 
in Fig. 6. The labeled N-acetyldiiodotyrosine preparation used here con- 
tained about 15 per cent inorganic iodide as a contaminant (Fig. 6, a). 
This percentage was not appreciably increased by incubation with liver 
slices or snake venom (Figs. 6, b and 6, c), indicating very little, if any, 
deiodination. In neither case was there a significant utilization of the N- 
acetyldiiodotyrosine. In the case of liver tissue, a faint band, probably 
diiodotyrosine, was also discernible on the radioautograph, suggesting that 
some degree of deacetylation had occurred. 

It is clear from these experiments that not only does substitution of the 
free amino group of diiodotyrosine prevent transamination by liver slices 
and oxidative deamination by snake venom, but it also inhibits deiodina- 
tion by both systems. 

In thyroid slices, substitution of the free a-amino group also interfered 
with deiodination of diiodotyrosine (Fig. 6, d). N-Acetyldiiodotyrosine 
was not metabolized to any extent by thyroid tissue. 


Binding of Diiodotyrosine and Thyroxine by Rat Plasma Protein 


It was pointed out in a previous communication (10) that, when thyrox- 
ine is added to plasma, it becomes so firmly bound to plasma proteins that 
(1) it is no longer dialyzable and (2) it precipitates quantitatively with the 
plasma proteins. These observations were confirmed in the present study 
with I*!-labeled t-thyroxine (Table IIT). 

Diiodotyrosine, on the other hand, is not so firmly bound to plasma pro- 
teins. This was demonstrated by the following experiments with rat 
plasma containing small quantities of added I'*!-labeled diiodotyrosine. 
(1) 3 ce. portions were dialyzed with agitation against 200 cc. of bicarbo- 
nate-Ringer solution for 18 to 22 hours at 4°. The I"! remaining in the 
dialysis bag, as well as that present in the dialysate, was measured. (2) 
3 cc. portions of plasma were added to 3 cc. of 20 per cent trichloroacetic 
acid to precipitate plasma proteins. The mixture was stirred with an addi- 
tional 10 ec. of 10 per cent trichloroacetic acid and centrifuged. The pre- 
cipitate was washed three or four times with 2.5 per cent trichloroacetic 
acid and the I"! in the precipitate and in the combined supernatant fluid 
was determined. (3) 3 cc: portions of plasma were treated with Zn(SO,)2 
and NaOH (11) to precipitate plasma proteins. The precipitate was 
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washed three or four times with 25 cc. portions of water, and the I!*! in the 
protein and non-protein fractions was measured. 

Approximately 90 per cent of the I'*!-labeled diiodotyrosine added to rat 
plasma proved to be dialyzable (Table III). The results with plasma pro. 
tein precipitants varied with the nature of the precipitant. Zinc hydrox. 
ide precipitation carried down a large part of added diiodotyrosine, but 
trichloroacetic acid precipitation left the diiodotyrosine almost quantita- 
tively in solution (Table ITT). 


TaBLeE IIT 
Binding of I'*!-Labeled Diiodotyrosine and I'*!-Labeled Thyroxine by Rat Plasma 











: | Per cent added 
Compound added Method of determination | I‘! remaining 
| with protein 


Diiodotyrosine* Precipitation with Somogyi’s reagent 66 
= ‘* trichloroacetic acid 5.0 

| Dialysis against Ringer-bicarbonate buffer 10 

Thyroxine* | Precipitation with Somogyi’s reagent 90 

- ‘* trichloroacetic acid 95 

| Dialysis against Ringer-bicarbonate buffer 98 





* The concentrations of diiodotyrosine and thyroxine in the plasma samples 
were not determined. It could be estimated, however, that these values were be- 
tween 10 and 20 y per cc. of plasma. 


Experiments in Vivo 


The disappearance of I'*!-labeled diiodotyrosine from the circulation fol- 
lowing its intravenous injection into the rat is illustrated in Fig. 7. The 
quantity injected varied from 11 to 100 y. During the first 20 minutes 
.after the injection, the plasma diiodotyrosine level decreased to 10 per cent 
of its initial value. This rapid rate of disappearance was not affected by 
previous thyroidectomy. 

Radioautographs of chromatograms of plasma were taken at intervals 
after the injection of 60 y of I'*!-labeled diiodotyrosine (Fig. 8). Counting 
of the filter paper strips revealed that the disappearance of diiodotyrosine- 
I'3! was accompanied by a pronounced increase in the level of iodide-I™. 
The latter more than doubled during the first 10 minutes. Deiodination, 
therefore, appears to be the major metabolic fate of injected diiodotyrosine. 
The radioautographs also showed the formation of small amounts of DIPL 
and DIPP. 

Approximately 80 per cent of the I'*' injected in the form of diiodotyro- 
sine (10 and 40 y) was recovered in a 24 hour urine sample. Chromato- 
grams of the urine showed that over 90 per cent of the I'*! was present in 
the form of iodide. The nature of the remaining I'*' was not determined. 
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Fic. 7. Disappearance of intravenously injected I'*!-labeled diiodotyrosine from 
the circulation of the rat. All values are based on an initial measurement made | 
minute after the injection. @, normal rats; O, thyroidectomized rats. 
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Fic. 8. Radioautographs of rat plasma. a, 1 minute; b, 30 minutes; c, 60 minutes; 
d, 90 minutes after an intravenous injection of 60 y of I'*!-labeled diiodotyrosine. 


DISCUSSION 
Transamination of Diiodotyrosine by Liver and Kidney Tissue—The first 
step in the metabolism.of tyrosine in mammalian liver has been shown 
to be transamination to the corresponding keto acid, p-hydroxypheny]l- 
pyruvic acid (12, 13). Similarly, in the case of diiodotyrosine incubated 
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with liver or kidney tissue, the formation of DIPP observed here must in- 
volve either transamination or oxidative deamination. The evidence sup- 
porting the transamination mechanism is as follows: (1) The formation of 
DIPP in both tissue homogenates and tissue slices was increased several- 
fold by the addition of pyruvate or a-ketoglutarate (Fig. 2; Table II), 
Succinate and fumarate produced no such effect. (2) The formation of 
DIPP occurred equally well under anaerobic conditions (Fig. 5). 

In the presence of added pyruvate and a-ketoglutarate, liver and kidney 
homogenates were more active than were slices in converting added diiodo- 
tyrosine to DIPP (Fig. 2). However, little or no formation of DIPL oe- 
curred in the macerated tissues. DIPL in the slice was probably formed 
by enzymatic reduction of the keto derivative. Perhaps the dehydrogen- 
ase coenzymes, which are known to be inactivated in broken cell prepa- 
rations (14), are involved in the reduction of DIPP to DIPL. 

Mechanism of Deiodination by Liver and Kidney—Roche et al. have pos- 
tulated that a specific “‘desiodase”’ is involved in the deiodination of di- 
iodotyrosine by liver and kidney (2). However, as described above, snake 
venom, a very unlikely source of a specific desiodase, also had an extremely 
powerful deiodinating action on diiodotyrosine. The possibility exists, 
therefore, that non-specific enzyme systems in liver, kidney, and snake 
venom may be capable of deiodinating diiodotyrosine. 

Hartmann suggested that deamination of diiodotyrosine is a necessary 
preliminary step in its deiodination by liver and kidney (4). He empha- 
sized the instability of DIPP, and postulated that it would deiodinate 
spontaneously, once it was formed from diiodotyrosine. It does not seem 
likely, however, that deiodination of DIPP is spontaneous, since, in a- 
ketoglutarate and pyruvate-fortified liver and kidney homogenates, DIPP 
accumulated in relatively large amounts (Table II). But the possibility 
that deamination of diiodotyrosine must precede its deiodination is not 
excluded by the data obtained here. 

Deiodination of Diiodotyrosine by Isolated Thyroid Tissue—The metabo- 
lism of diiodotyrosine in thyroid tissue is strikingly different from that in 
liver or kidney. There is no evidence of any deamination in thyroid slices 
or homogenates, with or without added pyruvate or a-ketoglutarate. Ap- 
parently the thyroid does not possess a deaminating mechanism for diiodo- 
tyrosine, and in this respect it resembles such tissues as spleen, heart, 
brain, and diaphragm. 

On the other hand, thyroid tissue, even in the presence of thiouracil, is 
very effective in deiodinating diiodotyrosine. In the absence of the goitro- 
gen, the released iodide is readily incorporated into thyroglobulin, but in 
its presence the iodide accumulates. The chief fate of diiodotyrosine added 
to thyroid tissue slices, therefore, appears to be deiodination, and subse- 
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quent incorporation of the iodide into thyroglobulin. The deiodination 
mechanism, as in the case of liver and kidney tissue, is sensitive to homogen- 
ization. 

The question still remains whether the mechanism of deiodination of 
diiodotyrosine in thyroid tissue is different from that in liver or kidney. 
The suggestion has been made above that, in the latter two tissues, deiodi- 
nation might be effected by non-specific enzyme systems rather than by a 
specific desiodase. In the case of the thyroid also, it may not be necessary 
to postulate a specific desiodase. 

Metabolism of Diiodotyrosine in Vivo—Albert and Keating studied the 
metabolism of I'*!-labeled diiodotyrosine in three myxedematous patients 
(15). They found that injected diiodotyrosine disappeared very rapidly 
from the blood and was replaced by inorganic iodide. In 8 hours the di- 
jiodotyrosine-I"*' level dropped to approximately 1 per cent of its initial 
value. 

Similarly, in the present investigation, I'*'-labeled diiodotyrosine in- 
jected into intact rats disappeared very rapidly from the circulation. This 
disappearance was accompanied by a rapid rise in the level of iodide-I™™ 
in the plasma. Radioautographs prepared from the rat plasma showed 
the presence of weak, but definite, bands for DIPL and DIPP. Unques- 
tionably, deiodination is the major metabolic fate of diiodotyrosine injected 
into the intact rat, but, as in the case of isolated liver and kidney, the pos- 
sibility remains that deamination may be a preliminary step to deiodina- 
tion. It is of interest that no monoiodotyrosine band was evident on the 
radioautographs, indicating that it is not an intermediate in the deiodina- 
tion of diiodotyrosine in the rat. 

Roche and his coworkers have emphasized the major réle of the thyroid 
gland in the deiodination of diiodotyrosine (2). It was found here, how- 
ever, that thyroidectomy had very little, if any, effect on the ability of the 
intact rat to deiodinate injected diiodotyrosine. Apparently, the thyroid 
is much less effective than are the more massive liver and kidney in metabo- 
lizing exogenous diiodotyrosine. 

In a preliminary experiment, the metabolism of injected radiodiiodo- 
tyrosine was compared with that of injected radiothyroxine. Thyroxine 
disappeared from the circulation much more slowly than did diiodotyrosine. 
Little or no iodide was detectable in the plasma within an hour after the 
thyroxine injection, and no other metabolic products appeared on the ra- 
dioautographs. The difference in the manner in which these two iodinated 
amino acids are metabolized is probably explained by the fact that thyrox- 
ine in plasma is more firmly bound to protein than is diiodotyrosine. 

Even though diiodotyrosine disappears from the circulation extremely 
rapidly, it is unlikely that this alone could explain its complete absence from 
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the normal circulation (16). It is quite possible, as Roche and his eo. 
workers have postulated (2), that the rate of deiodination of diiodotyrosine 
by the thyroid gland may be rapid enough to prevent the release of any 
of the free amino acid into the circulation. 


Preparation of Compounds 

I\.Labeled 3 ,5-Diiodo--tyrosine—This compound was prepared by a 
modification of the exchange method originally proposed by Miller et al, 
(17). 5 to 9 me. of Oak Ridge I'*!, containing 25 y of added iodide carrier, 
were oxidized to elementary iodine (I.) with hydrogen peroxide in acid 
solution. The radioactive I, was distilled into 1 cc. of solution containing 
0.25 to 1 mg. of diiodo-L-tyrosine (Eastman Kodak) in 0.02 n acetate buffer 
at pH 4.0. The exchange mixture was kept at 60° for 1 hour, and under 
these conditions 65 to 70 per cent of the I'*! was exchanged with the diiodo- 
tyrosine. At the end of the exchange period, the solution was made 
strongly acid with 6 N HCl, and treated with Duolite A-4 anion exchange 
resin to remove non-diiodotyrosine radioactivity. Pretreatment of the 
resin with a concentrated solution of non-radioactive diiodotyrosine pre- 
vented appreciable loss of the radioactive diiodotyrosine onto the resin. 

After centrifugation of the resin, the supernatant fluid contained I'* al- 
most entirely in the form of diiodotyrosine. This solution was neutralized 
with NaOH and diluted to the desired volume with isotonic NaHCO. 
The radioantograph of a chromatogram of a typical I'*!-labeled diiodotyro- 
sine preparation is shown in Fig. 1. In this particular sample, 92 per cent 
of the I'*! appeared as diiodotyrosine on the chromatogram. The specific 
activity of the diiodotyrosine preparations averaged about 5 uc. per y. 

I"*'\.Labeled N-Acetyl-3 ,5-diiodo-L-tyrosine—N -Acetyldiiodotyrosine was 
prepared by the method of Pitt-Rivers (18). It was labeled with I'*' by 
an exchange procedure exactly analogous to that described for diiodotyro- 
sine. I,'*! exchanged quite as readily with N-acetyldiiodotyrosine as with 
the free amino acid. The exchange solution in this case, however, was 
not subjected to the resin treatment. It was used directly, without fur- 
ther purification, for the experiments described above. The radioauto- 
graph of the chromatogram of this preparation is shown in Fig. 6. Ap- 
proximately 15 per cent of the I'*! was in the form of inorganic iodide. 
(The chromatographic procedure used here does not distinguish between 
iodide and iodine. The latter is converted to the former during the chro- 
matography in the strongly ammoniacal solvent.) 

4-Hydroxy-3 ,5-diiodo-t-phenyllactic Acid (DIPL)—This compound (m.p. 
163-164°) was synthesized by Dr. Earl Hoerger, to whom our thanks are 
due. 

4-Hydroxy-3 ,5-ditodophenylpyruvic Acid (DIPP)—This compound was 
synthesized by the following three-step synthesis. 
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4-Hydroxy-3 ,5-diiodobenzaldehyde—This was prepared according to the 
procedure of Paal (19). The product was purified through the bisulfite 
addition product. Yield, 65 per cent; m.p. 200-201°. 

Azlactone of a-Acetyl-amino-B-(4-acetoxy-3 ,5-ditodophenyl)acrylic Acid— 
10 gm. of 4-hydroxy-3 ,5-diiodobenzaldehyde were mixed with 18 gm. of 
N-acetylglycine, 2.7 gm. of fused sodium acetate, and 21 ml. of acetic an- 
hydride. The mixture was heated with a Glas-Col mantle until all the 
components formed a single phase. Upon continued heating for 10 to 15 
minutes, the reaction mixture set to a solid mass. This product was cooled 
in the refrigerator for several hours, broken up with a glass rod, and filtered. 
The crude azlactone was washed with water and dried in the vacuum desic- 
cator. It was used for the subsequent step without further purification. 
Crude yield, 90 per cent; m.p. 200-210°. 

4-Hydroxy-8 ,5-diiodophenylpyruvic Acid—2 gm. of the above azlactone 
were refluxed for 5 hours with a mixture containing 80 ml. of glacial acetic 
acid and 20 ml. of 6 N HCl. This treatment resulted in cleavage of the 
acetylamino group as well as in the opening of the azlactone ring. When 
the reaction mixture was cooled in the refrigerator for several hours, it de- 
posited a tan-colored, crystalline solid. This product was collected by 
filtration and recrystallized twice from hot glacial acetic acid. It was 
dried at 78° in vacuo over P,Os. Yield, 46 per cent; m.p. 215—220°, with 
vigorous evolution of gas. 


CsH,O,Iz. Calculated. C 25.00, H 1.39, 1 58.8 
Found. “ 95.05, * 1.40, “ 58.3 


SUMMARY 


1. I'!-Labeled diiodotyrosine of high specific activity was incubated 
with slices and homogenates prepared from the livers and kidneys of rats 
and the thyroids of sheep. Metabolic changes in the diiodotyrosine were 
followed by means of filter paper chromatography. 

2. Liver and kidney slices readily metabolized diiodotyrosine, both in 
the presence of O, and under anaerobic conditions. The principal meta- 
bolic products were inorganic iodide, 3 ,5-diiodo-p-hydroxyphenyllactic acid 
(DIPL), 3 ,5-diiodo-p-hydroxyphenylpyruvic acid (DIPP), and an uniden- 
tified metabolic product (Compound X). 

3. Liver and kidney homogenates had only slight action on diiodotyro- 
sine, but, when fortified with pyruvate or a-ketoglutarate, these homoge- 
nates were equally as active as slices in metabolizing diiodotyrosine, both 
aerobically and anaerobically. The chief metabolic product in this case, 
however, was not iodide. Compound X and DIPP were the principal 
products. Very little DIPL was formed by the homogenate. 

4. Diiodotyrosine was readily metabolized by rattlesnake venom which 
contains an L-amino acid oxidase. The products in this case qualitatively 
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resembled those obtained with pyruvate-fortified liver and kidney homoge. 
nates. 

5. The metabolism of diiodotyrosine by thyroid tissue differs strikingly 
from that by liver, kidney, and snake venom. Thyroid slices readily de. 
iodinated diiodotyrosine and incorporated the iodine into thyroglobulin, 
There was no evidence, however, of any deamination under these condi. 
tions, and no other metabolic products were detected. Thyroid homoge. 
nates were only weakly active in deiodinating diiodotyrosine. Pyruvate 
and a-ketoglutarate had no stimulating effect on thyroid slices or homoge. 
nates. 

6. It is concluded that transamination plays a réle in the metabolism 
of diiodotyrosine by liver and kidney, but not by thyroid tissue. The 
question of a specific desiodase in these tissues is discussed. 

7. As judged by experiments on dialysis and protein precipitation, di- 
iodotyrosine is much less firmly bound to plasma proteins than is thyroxine. 

8. Diiodotyrosine was rapidly deiodinated following its intravenous in- 
jection into normal or thyroidectomized rats. Small, but definite, amounts 
of DIPL and DIPP were also observed in the plasma following the injec- 
tion. 
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THE SEPARATION OF THE DIASTEREOISOMERS OF 
ISOLEUCINE AND HYDROXYLYSINE BY ION 
EXCHANGE CHROMATOGRAPHY 


By K. A. PIEZ 


(National Institute of Dental Research, National Institutes of Health, United States 
Public Health Service, Department of Health, Education, and Welfare, 
Bethesda, Maryland) 


(Received for publication, September 30, 1953) 


During the establishment of standard effluent curves as a preliminary to 
chromatographic analysis of the amino acids in a collagen isolated from 
human dentin, it was observed that a synthetic, unresolved sample of hy- 
droxylysine gave an asymmetric peak when eluted from a 15 cm. column 
of Dowex 50. It was also observed that a commercial sample of ‘“DL-iso- 
leucine” gave two peaks on a 100 cm. column. Inasmuch as threonine 
and allothreonine have been separated by ion exchange chromatography 
(1), the possibility that the diastereoisomers of hydroxylysine and isoleu- 
cine were being separated was investigated. 


Methods 


Chromatography—The procedures employed were developed for a study 
of all the common amino acids and followed the method of Moore and 
Stein (2) with minor modifications. The 15 X 0.9 cm. column, used to 
separate the basic amino acids, was eluted with a buffer of pH 5.0 for 
twenty fractions of 1 ml. each and thereafter at pH 6.70 (instead of 6.80). 
These conditions allowed complete resolution of hydroxylysine, histidine, 
and lysine (Fig. 1). To provide greater resolution of the basic amino 
acids a 30 X 0.9 cm. column was also used. This column was eluted with 
a buffer of pH 5.0 for forty fractions and thereafter at pH 6.70. Elution of 
the 100 X 0.9 cm. column, used to study the leucines, was started with a 
buffer of pH 3.30 at 37°. After 100 fractions had been collected, a buffer 
of pH 3.45 was substituted and elution continued as suggested by Moore 
and Stein (2). This modification allowed a better separation of hydroxy- 
proline and aspartic acid and did not alter the separation of the leucines. 
The amino acid mixtures studied appear in the legends to Figs. 1 to 3. 

Analysis—The ninhydrin procedure of Moore and Stein (3) was used. 


Results 


The chromatographic behavior of the synthetic, unresolved sample of 
hydroxylysine on a 15 em. column is illustrated in Fig. 1. Chromatography 
77 
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Fig. 1. Separation of hydroxylysine (all four isomers), 0.833 um, histidine, 0.559 
uM, and lysine, 2.474 um, on a 15 X 0.9 cm. column of Dowex 50. The column was 
eluted at pH 5.0 for twenty fractions and thereafter at pH 6.70. 
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Fig. 2. Separation of hydroxy-p-lysine, 0.910 um, and allohydroxy-p-lysine, 0.455 
uM, on a 30 X 0.9 cm. column of Dowex 50. Histidine, 0.736 um, was included for 


reference. The column was eluted at pH 5.0 for forty fractions and thereafter at 
pH 6.70. 


on a 30 cm. column resulted in more complete separation of the racemate. 
Under the same conditions, optically pure isomers! had peaks in the same 
positions (Fig. 2), ruling out the possibility that the asymmetry was due 


‘p isomers were used throughout since they were available and it would not be 
anticipated that L isomers would behave differently. The author is indebted to Dr. 
W.S. Fones who prepared the optically pure isomers of hydroxylysine (4) and isoleu- 
cine used in this study and to Dr. H. A. Sober for a discussion of the problem. 
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to an impurity and allowing the identification of the slower moving portion 
of the racemate as allohydroxylysine. 

A commercial sample of pL-isoleucine yielded two separate peaks, even 
after several recrystallizations, when chromatographed on a 100 cm. col- 
umn. One appeared in the position expected for isoleucine. The other 
moved more rapidly and occupied the same position as methionine. How- 
ever, methionine was not present as shown by paper chromatography. 
The chromatography of optically pure isomers gave the same two peaks, 
the faster corresponding to alloisoleucine (Fig. 3). The pt-isoleucine 
proved to contain about 40 per cent alloisoleucine. 
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Fic. 3. Separation of p-alloisoleucine, 0.909 um, and p-isoleucine, 0.469 um, on a 
100 X 0.9 cm. column of Dowex 50. Leucine, 1.245 um, was included for reference. 
The column was eluted at pH 3.30, 37°, for 100 fractions; pH 3.45, 37°, to Fraction 
260; and pH 4.25, 50°, to Fraction 350. 


340 350 


It was not possible to obtain even a partial separation of threonine and 
allothreonine on the 100 cm. column under these conditions. 


DISCUSSION 


In view of the above observations and the fact that they were accom- 
plished by ion exchange procedures that are widely employed, it is im- 
portant to consider the possibility of the presence of a diastereoisomer 
when attempting to identify a new peak. It is also necessary to check 
methionine by an independent method if isoleucine is present and the 
possibility of racemization exists. For example, the unidentified substance 
found by Craig et al. (5) in the position occupied by methionine, but shown 
not to be this amino acid, may well be p-alloisoleucine. This would also 
account for the low optical activity reported for the isolated L-isoleucine. 
In the investigation now under way of a collagen from human dentin it 
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has been found that about 20 per cent of the hydroxylysine in acid hydrol- 
ysates is in the allo form. 


Undoubtedly the scale of the above procedures could be increased to 
provide preparative methods. 


SUMMARY 


The separation of the diastereoisomers of hydroxylysine and isoleucine 
by standard techniques of ion exchange chromatography is reported. 


Addendum—After this paper was submitted for publication, occasion arose to 
study the diastereoisomers of hydroxyproline. Hydroxy-.-proline and allohydroxy- 
p-proline separated completely when eluted from a 100 X 0.9 cm. column of Dowex 
50 with a buffer of pH 3.30. On a typical effluent curve the maximal absorbances 
(440 my) occurred in Fraction 89 for the former and in Fraction 108 for the latter. 
The other common amino acids and the points of maximal absorbance (570 mu) that 
would appear in this portion of the effluent are aspartic acid, Fraction 98, threonine, 
Fraction 105, and serine, Fraction 115. 
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THE UTILIZATION OF ACETATE FOR SYNTHESIS IN 
ESCHERICHIA COLI 


By KENNETH McQUILLEN* anno RICHARD B. ROBERTS 


(From the Department of Terrestrial Magnetism, Carnegie Institution of 
Washington, Washington, D. C.) 


(Received for publication, May 29, 1953) 


For many years the importance of the Krebs tricarboxylic acid cycle in 
bacterial metabolism has been contested. Some authors find evidence for 
the occurrence of the cycle in certain species of bacteria; in other cases, 
results are interpreted as proving that the cycle does not operate (see Ajl 
for a recent review (1)). In most of these studies, as indeed with those on 
other organisms, the emphasis has been on oxidation mechanisms, and few 
investigations have been carried out on growing cells. Abelson, Bolton, 
and Aldous (2, 3) studied the incorporation of C'*-labeled carbon dioxide 
into various components of Escherichia coli during active growth. Their 
data can be interpreted in terms of the tricarboxylic acid cycle functioning 
mainly in the synthesis of two groups of amino acids, one derived from 
glutamic acid and the other from aspartic acid. 

It was of interest, therefore, to trace the flow of labeled atoms in other 
compounds which might be expected to give rise to derivatives which enter 
the cycle. C'*-Labeled glucose, amino acids, and acetic acid have now been 
used in this laboratory to study amino acid synthesis in F. coli during 
growth. The results so far obtained are, in general, in good agreement 
with the postulation of a tricarboxylic acid cycle and, moreover, permit a 
quantitative interpretation of the distribution of tracer atoms in a number 
of amino acids. A summary of this work and its interpretation is in press 
(4, 5). 

The present paper deals with the incorporation of C™ from methyl- or 
carboxyl-labeled acetate into cellular material of EZ. coli growing exponen- 
tially under a variety of experimental conditions. Studies with other 
tracer molecules will be reported elsewhere. 


Methods 


E. coli strain B, as in earlier work reported from this laboratory, was the 
organism used (2, 3, 6). 

The growth medium was the basal salts Medium C of the following 
composition: NH,Cl 2 gm., Na2oHPO, 6 gm., KH.PO, 3 gm., NaCl 3 gm., 
Mg 10 mg. (as MgCl.), S 25 mg. (as Na2SO,), and H.O to 1000 ml. 

* Visiting Fellow of the Carnegie Institution of Washington. Present address, 
School of Biochemistry, University of Cambridge, Cambridge, England. 
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Glucose was used at concentrations of 0.5 to 4.0 mg. per ml., and 
C¥H;COONa, CH;C“OONa,! and other substances were added as de- 
scribed. 

Growth Conditions—Cultures were grown overnight in Medium C con- 
taining 1 mg. of glucose per ml. with aeration at 37°. After harvesting 
and washing with Medium C, the cells were inoculated into a fresh glucose- 
salts medium and grown for about 2 hours to reach a steady exponential 
rate of growth. Such cells, after washing, would again grow exponentially 
immediately on incubation in the glucose-salts medium with or without 
further additions. Organisms pretreated in this way were used to insure 
reproducible behavior. An experimental growth period of 1 to 2 hours 
was used involving an increase of from 2- to 4-fold in the suspension density, 

Growth was followed by making measurements at 650 mu on a Beckman 
spectrophotometer, model DU, for which calibration curves had been pre- 
pared. Suspension densities are expressed in micrograms dry weight 
per ml. 

Harvesting and Fractionation—After growth under the appropriate con- 
ditions, the organisms were centrifuged, washed with 0.85 per cent NaCl, 
and extracted successively as follows. 5 per cent trichloroacetic acid 
(TCA) for 30 minutes at 5° extracts Fraction 1 (the components of Frac- 
tions 1 to 5 are described below). 75 per cent ethanol for 30 minutes at 
40-50° extracts Fraction 2, which is subdivided by addition of equal vol- 
umes of ether and water. The phases separate, leaving mainly alcohol- 
soluble protein in the aqueous phase (Fraction 2a) and lipide in the ether 
phase (Fraction 2b). A second ether addition yields more lipide, which is 
combined with Fraction 2b. Ether-75 per cent ethanol (1:1 volume per 
volume) for 15 minutes at 37° removes further fatty material and protein 
(Fractions 3a and b). 5 per cent TCA for 15 minutes at 100° extracts 
nucleic acids (Fraction 4). Ether washing of the residue leaves Fraction 
5, which represents the main protein fraction of the organisms. For radio- 
activity measurements, aliquots of this material were dissolved in 0.1 N 
NaOH. 

Radioactivity Measurements—Determinations were made on the bac- 
terial culture at the beginning and end of each experiment, in the presence 
of NaOH or HCl, to assess total radioactivity and residual non-volatile 
radioactivity (7.e., after removal of acetic acid). 

Measurements were also made on the culture supernatant solution with 
NaOH or HCl, and on suspensions of the washed organisms. Each of 
Fractions 1 to 5 was assayed. 

Counts were made on aliquots which were less (usually much less) than 
1 mg. per sq. em., so that self-absorption was less than 5 per cent. 


1 Supplied by Tracerlab; each 1 mc. per mm. 
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Chromatography—One- and two-dimensional ascending chromatograms 
were run on Whatman No. 1 paper. Three solvent systems were used: 
70 per cent sec-butanol, 10 per cent formic acid, 20 per cent H2O; 80 per 
cent phenol, 20 per cent HO, 0.3 per cent NH3; and 70 per cent ¢ert-butanol 
in 0.8 N HCl. Radioautographs of chromatograms were prepared on 
Kodak x-ray film. 

Investigation of Fractions 1 to 5—Fraction 1. The cold TCA-soluble 
material, after two ether washes, was run in phenol on a one-dimensional 
chromatogram. 

Fraction 2a. The alcohol-soluble protein was run on a one-dimensional 
chromatogram in both phenol and sec-butanol, and, after hydrolysis, on a 
two-dimensional chromatogram in this pair of solvents. 

Fraction 2b. The lipide fraction was run on one-dimensional chromato- 
grams in phenol and also sec-butanol. 

Fraction 4. The nucleic acid fraction was hydrolyzed in 0.1 N HCl at 
100° for 1 hour and, after removal of the acid, was run on a one-dimen- 
sional chromatogram in ¢ert-butanol. 

Fraction 5. The protein fractions were hydrolyzed in 6 N HCl in sealed 
tubes for 16 hours at 105°. The hydrolysates, after removal of acid, were 
run on two-dimensional chromatograms with sec-butanol, and then phenol 
as solvents. 

The positions of radioactive amino acid spots were found by means of 
radioautographs and the radioactivities of these spots counted directly on 
the paper. In some cases spots were cut out from the paper chromato- 
grams and eluted with water. The specific radioactivities of such samples 
were determined by assaying aliquots for amino acid content (with essen- 
tially the technique of Moore and Stein (7)) and also for radioactivity. 


EXPERIMENTS AND RESULTS 
Distribution of C“ in Major Fractions 


As a result of a large number of experiments, it has been found that, 
in general, after 1 hour’s exponential growth (7.e., an approximate doubling 
of the suspension density) in the presence of CH;C“OONa or C“H;COONa, 
the radioactivity is distributed as shown in Table I. In addition a small 
part of the acetate is converted to non-volatile compounds which are re- 
leased into the medium. 

Fraction 1 contains a wide variety of substances, but the major part of 
the radioactivity derived from labeled acetate is found in peptides contain- 
ing glutamic acid. ‘ (The nature of the cold TCA-soluble fraction of E. coli 
has been investigated in this laboratory by means of other labeled sub- 
stances; z.e., C“O.2, randomly labeled glucose, S*, etc.) 

Fraction 2a contains one or more alcohol-soluble proteins which have 
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also been investigated with other labeled compounds besides acetate. The 
fraction moves with the front in phenol, stays at the origin in sec-butanol, 
and is very difficult to elute from paper (see the alcohol-soluble protein 
described by Wynn and Rogers (8)). After hydrolysis, the material gives 
two-dimensional chromatograms with ninhydrin-positive spots correspond. 
ing to the usual range of amino acids, and with radioactivity in those same 
amino acids as are found labeled in the main protein Fraction 5 (see below). 
When cells were grown in the presence of randomly labeled glucose, all the 
radioactivity was associated with amino acids. Other experiments showed 
that one-sixth of the total protein of this organism was in this fraction. 

Fraction 2b is mainly lipide, and the radioactivity moves with the front 
on chromatograms in either phenol or sec-butanol. No attempt has been 
made to fractionate further this material. 











TABLE [ 

Distribution of C4 from C4H;COONa and CH;C“OONa in Major Fractions of 
E. coli 

Fraction No. Per cent total fixed 

radioactivity 

1 Cold TCA 5 

2a + 3a | Alcohol-soluble protein Ss 

2b + 3b | Lipide 34 

4 Nucleic acid 4 

5 Protein 49 


Fraction 3 is roughly half lipide and half protein. 

Fraction 4, the nucleic acid fraction, contains only a small amount of 
the total fixed radioactivity, and this appears from chromatograms of hy- 
drolysates to be exclusively in the pyrimidines. 

Fraction 5 accounts for about half of the radioactivity; it is the main 
protein fraction and, as will be seen, contains some nine labeled amino 
acids. 


Effect of Acetate Concentration on Incorporation 


Parallel cultures were grown in glucose-salts media supplemented with 
acetate at levels ranging from 2.5 to 550 7 per ml. After an approximate 
doubling in cell numbers, the organisms were harvested and fractionated. 
Fig. 1 shows the results of one such set of observations. The incorporation 
of C"* increases as the acetate concentration increases, but the distribution 
among the various fractions is constant. 

At low acetate concentrations the radioactive acetate is appreciably 
diluted by acetate derived from glucose, and in view of this required cor- 
rection the data cannot be used directly. 
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Time-Course of Acetate Fixation 


Fig. 2 shows the time-course of acetate fixation by E. coli, with C'H;- 
COONa as a tracer. The total fixation and fixation into protein were 
measured after various intervals of growth. The observed values are 
plotted as points, while the curves represent plots of the expected uptake 
per mg. of cells calculated? from the equation: 


Uptake per mg. cells = K(1 — e7**) 
where a is taken from growth equation, N = Noe. 
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Fig. 1. Incorporation of C“H;COOH by E. coli at various concentrations of added 
acetate. 


The reasonably good agreement between the experimental points and 
the theoretical curves indicates that very little of the acetate is incorpo- 
rated into fractions which have a rapid rate of turnover. This conclusion 
is supported by the finding that, in experiments in which the rate of loss of 


2 If the quantity of cells is increasing exponentially, the total quantity of cell at 
any time, N, is given by the expression N = Ne*t. The quantity of new cells formed 
in the interval from 0,to tis N — No = No(e*t — 1). If a tracer is added at t = 0, 
and the new cells incorporate a constant quantity of the tracer per mg. of cells, K, 
the total uptake will be K(N — No) = KNo(e** — 1). The uptake per mg. of total 
cells (including both old and new) is then KNo(e** — 1)/Noe*t = K(1 -- e-**). This 
equation applies only when there is no “‘turnover’’ and when there are no “metabolic 
pools.” 
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radioactivity from labeled cells was measured, over 92 per cent of the 
activity remained in the organisms after 2 hours growth in a non-radio- 
active medium. As most of the acetate carbon is incorporated into pro- 
tein and lipide, these results suggest that such substances are relatively 
stable in growing bacteria. On the other hand, when cells were deprived 
of an energy source, there was loss of radioactivity from the lipide fraction. 

Fig. 2 also shows that, in the absence of a nitrogen source, the fixation 
of acetate is low, particularly into the protein. What little incorporation 
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Fig. 2. Time-course of incorporation of C'4H;COOH by E£. coli. Comparison of 
theoretical uptake (curve) with experimental values (points); solid lines with NH,CIl. 


does occur may be due to residual traces of ammonia since there is no in- 
crease with time. 


Acetate Dilution 


The dilution of added acetate by acetate formed from glucose can be 
demonstrated in a very direct fashion. Fig. 3 shows the time-course of 
incorporation of C from CH;C“OOH. Curve A shows that, when ample 
acetate is added (0.43 mg. per ml.), the observed uptake follows the ex- 
pected curve. When radioactive acetate is added at a low level (0.021 mg. 
per ml.), the uptake (Curve B) falls below the expected curve as the radio- 
active acetate is both depleted and diluted. The quality of acetate formed 
from glucose is estimated to be 0.16 mg. per ml. at the end of 2 hours, 
which causes some dilution in Curve A but much greater dilution in 


Curve B. 
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CO, Fixation in Presence of Acetate 


By the methods of Abelson et al. (2), the effect of inactive acetate on 
CO, fixation by EF. coli was studied. Table II shows that acetate has 
virtually no effect on CO, fixation during growth, although higher concen- 
trations of acetate inhibit growth. 


Acetate Fixation in Major Fraction in Presence of Competitors® 


The effects of a large number of substances on acetate incorporation 
have been studied. The presence of glutamic acid, aspartic acid, or leu- 
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Fic. 3. Incorporation of CH;C“%OOH by E. coli at two concentrations of acetate. 
Curve A is drawn from the theoretical expression: uptake per mg. cells = K (1 — 
e@'), The dotted curve is drawn to fit the experimental point. High acetate, 0.43 
mg. per ml.; low acetate, 0.021 mg. per ml. 


cine in the growth medium results in changes in the pattern of assimilation 
of C'* from C'H;COONa into the major fractions of E. coli, as shown by 
the data in Table III. 


Distribution of C among Amino Acids 


Whenever £. coli has been grown in a glucose-salts medium with C™- 
acetate (either methyl- or carboxyl-labeled) but with no further additions, 
it has been found that the following amino acids of the protein become 
labeled: glutamic acid, arginine, proline, aspartic acid, threonine, leucine, 
isoleucine, lysine, and methionine. 

’ The terms competitor, competition, etc., are used to indicate that certain com- 


pounds, which can be synthesized by E. coli when supplied externally, reduce the 
amount of endogenously formed material appearing in cell substance. 
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There is virtually no labeling of other amino acids, unless E. coli jg 
adapted to grow on acetate as the sole carbon source, when, as is to be 
expected, all amino acids become labeled (9). 

Table IV summarizes the amounts of radioactivity in various amino 
acids as counted directly on two-dimensional chromatograms of protein 


TaBLe II 
Effect of Acetate on CO Fixation during Growth 


Suspensi -nsity 
CH;COONa Suspension density 


C¥ fixed per 
concentration 














Initial Final Increase os 
¥ per ml. | ¥y per ml. - y per ml. | = aerad. i  .i 
0 | 100 | 310 | 210 214 
6 | 100 295 195 210 
12 100 305 205 195 
| 
60 | 100 307 207 193 
180 100 315 215 195 
600 | 100 293 | 193 192 
1800 100 } 295 195 190 
6000 100 230 130 177 
' | 
TaBLe III 
Competition with Acetate Fixation into Major Fractions 
| C¥ fixed 
Experiment | Competitor . rue Pe Tos CX Se ee 
| Total | FOq | Lipide [{pfohobtel: |Hot TCA) Protein 
| | 
ia ? 5 |__| — a os 
B None 100 | 100 | 100 | 100 | 100 | 100 
C Aspartic acid 80 70 92 53 | 49 85 
D Glutamic “ 56 | 26 97 29 25 | 41 
G Leucine 84 | 86 93 58 115 100 


E. coli grown for 90 minutes in the glucose-salts medium + 0.365 mm of C“H,;CO- 
ONa. Amino acid supplements, 5.75 mm. The results are expressed as activities 
relative to 100 for the corresponding fraction of the control culture (Experiment B). 


hydrolysates. The results are expressed as percentages of the activity of 
the glutamic acid. 

There is good reason to believe that the amino acid composition of the 
protein of £. coli is essentially constant under the conditions used in these 
experiments. Abelson (unpublished) has devised a method for determin- 
ing the relative proportions of most of the amino acids. The organisms 
are grown in randomly labeled glucose as the sole carbon source. The rela- 
tive abundances are found by measuring the radioactivities of the amino 
acid spots on two-dimensional chromatograms of the protein hydrolysates 
from such cells. Table V is taken from Abelson’s data. 
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By using such values it is possible to calculate relative specific activities 
for the amino acids shown in Table IV (see Table VI). Some of these 
values have been checked by elution of the amino acids from chromato- 
grams and determination by the ninhydrin method of Moore and Stein (7). 
Results for relative specific activities obtained in this way are in good 
agreement with those shown in Table VI. 

The specific activities of glutamic acid, proline, and arginine are so 
nearly equal as to suggest that these amino acids derive the same number 


TaBLE IV 
Distribution of C4 in Various Amino Acids of E. coli 


| 


Acetate concentration Relative radioactivities 





Experiment No. 














yours ers y Glu | Asp | Pro | Arg | Lys | Thr ioe + | Leut 
| | 

| } | 
B | 30 | 100 | 27/30| | |13.5| 60 | 46.5 
1 | | 30 | 100 | 15 | 38} 43 | 14] 6.5 | | 
7 | 30 | 100 21 | 37 | 8.2 
KC4 | 500 | 100 | 40| 40) 20/14 | 
KC5 500 | 100 | 27 | 36 | 43 | 17 | 13 | 
A’ 40 100 | 17 | 40 | 52 9.3| 57 | 47.7 
B’ 40 | 100 | 19 | 45 | 50 | | 9.0 | 72 | 63 
C’ 40 100 | 24/44/52) | 13 | 67 | 54 
D’ | 40 | 100 | 32) 44] 52) a7 | 67 | 50 








Experiment 7, lysine (5.75 mm) present in the medium; Experiment A’, cells in 
lag phase; Experiment B’, early exponential; Experiments C’ and D’, cells in ex- 
ponential phase. Growth at 37° except for Experiment D’, which was at 25°. The 
results are expressed as activities relative to 100 for glutamic acidin each experiment. 

* Observed values of leucine + isoleucine. 

+ Estimated values of leucine obtained by subtracting observed value of threonine 
from observed value of leucine + isoleucine. Independent tests show that radioac- 
tivities of isoleucine and threonine are approximately equal (5). 


of carbon atoms from acetate. Similarly there appears to be a relationship 
between aspartic acid and threonine. The results of experiments in which 
E. coli was grown in the presence of labeled acetate and a single inactive 
amino acid further emphasize these groupings (Table VII). Most of the 
results shown were obtained with both methyl- and carboxyl-labeled ace- 
tate. 

Aspartic acid reduces incorporation of acetate carbon into the aspartic 
acid, threonine, lysine, and methionine of the protein by 75 to 80 per cent. 
Glutamic acid on the other hand abolishes virtually all acetate uptake into 
amino acids with the exception of leucine, the activity of which is un- 
changed. 

Each of the amino acids, proline, arginine, lysine, leucine, and methio- 
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nine, is capable of almost complete suppression of acetate incorporation 
into itself but has no effect on other amino acids. The relative specific 


TaBiy V 
Relative Abundance of Some Amino Acids in Protein of E. coli* 


——.. 

















Amino acid Relative molar abundance 

og RED ie 21S) LR Oe ee eae 100 
RS AER PRR te ri ee is, oy eee 97.5 
es a eee ee © A 5 | oe eee cos 37.8 
MINER 09 26.3 Wak wel Senet va seruthn tera pete nen de Roi es 41.5 
ee step ote Seach Beret ty ge nee Mayet Sei Eee Re ore WA a gy 47.7 
Mg Ree EE ns wate pd eadad@eel wen 42.4 

IIE 0 5 15 BEA culls wstdtean Mdeelcctee ten tae 5% 
EOL Ee ee ee nt eee Cee 67 
REN SS ERE 8, a SR ate yet 7 aie een ae 40 
I Bg Gd a Ae aac hiney Sg ga os Grae eae hoc 27 
ce 

II oh Oe gos een es ok ho ds al gs 10% 





* Unpublished data of Abelson. 











TaBLE VI 
Relative Specific Activities of Some Amino Acids of E. coli Grown in C'*4H,COONa or 
CH;C“\OONa 
Experiment No. | Glu | Asp | Pro | Arg | Lys | Thr Leu 
ied | | | | _| 
B =| 10 | 28 | 102 | | 32 70 
1 | 10 | 16 | 101 103 | 27.5 | 15.2 
7 100 | 21 wi | | 19 
KC4 100 | |} 10 | 97 | 42 | 33.5 
KC5 100 | 27.5 | 95 | 105 36 | 30.8 | 
A’ | 100 | 17.4 | 106 125 | | 21.9 | 72 
B’ 100 | 19.4 | 19 | 120 | | 2.3 | 9% 
on Bk ioe me | 31.4 | 81 
D’ | mo | 3 | a | ms | | 40.3 | 7% 





The results are expressed as specific activities relative to 100 for glutamic acid in 
each experiment; derived from Tables IV and V. 


radioactivities of some of the amino acids have been determined in the 
absence and presence of competitors, as shown in Table VIII. 

Under a variety of conditions it has been found that proline has almost 
exactly the same specific activity as that of glutamic acid. This is true 
even in Experiment D of Table VIII, where, in the presence of added glu- 
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tamic acid, incorporation of acetate into glutamic acid (and all other amino 
acids except leucine) is reduced to less than 5 per cent of normal. Of 
course, when proline itself is present as competitor, acetate incorporation 
proceeds normally into glutamic acid but is specifically suppressed as far 


TaB.e VII 


Incorporation of C'4-Acetate into E. coli Proteins in Presence of C!*-Amino 
Acids in Medium 





’ Amino acids in protein hydrolysate which have incorporated C* 
C-Amino acid added to 
medium iia. = ee 


| Proline | Arginine | Leucine Lysine Glutamic 








Aspartic Threonine 














None (control)....... 
Pramme........ 

Arginine...... Laeud 
SS ee | 


| 
| 
| 

Isoleucine..... | 
Lysine. oie ale 
Aspartic acid re | 


“cc 


Glutamic “* ...... 








l+++++ 


L+++++1+4+ 
l++++i1++ 
L++t++++ 
l+++++++ 
l++++4++ 


++t+i +++ 








The synthetic medium contained C?-glucose and C"QO.. Either CuH, COOH or 
CH;C“OOH was added, both leading to identical results. A minus sign indicates 
that the incorporation of C'‘ is strongly suppressed as compared to the control case. 


Tas.e VIII 
Relative Specific Activities of Some Amino Acids in Presence of Amino Acid 














Competitors 
a ee ea | | 
Experiment — | Competitor ad Acganis Proline | Threonine | Leucine 
B one None 100 | 28 102 32 70 
C | Aspartic acid 100 | 6 107 | Pcatl 101 
G Leucine | 100 28 1033 | 31 | 2.65 
D Glutamic acid | 100 | 53 1066 | 87 | 2 








The results are expressed as specific activities relative to 100 for glutamic acid in 
each experiment. The absolute specific activities of leucine in Experiments B, C, 
and D are approximately equal. 


as proline is concerned. Aspartic acid and threonine bear the same rela- 
tionship to each other as to glutamic acid and proline. 


Acetate Fixation during Different Phases of Growth 


An experiment was carried out to determine the influence of the state of 
the cells and the temperature of growth on the distribution of acetate car- 
bon in the amino acids of E. coli. Cells from an overnight culture which 








92 ACETATE UTILIZATION IN E. COLI 


had reached the stationary phase were washed, and one sample was incv- 
bated immediately in a glucose-salts medium containing tracer acetate, 
Other samples were grown for 1 and 2 hours before being washed and in- 
cubated in the radioactive medium. The three cultures were in lag, early 
exponential, and exponential phases respectively during incubation for | 
hour with the tracer. A second sample of cells in the exponential phase 
was grown for 2 hours at 25° instead of the usual 37°. Table IV shows the 
distribution of radioactivity in various amino acids (Experiments A’, B’, 
C’, and D’). 

Although the ratio of radioactivity in glutamic acid to that in aspartic 
acid varies under different conditions of growth, the ratios, glutamic acid- 


TaBLe IX 
Oxidation of Acetate 


(A) (B) 


. SN (non-volatile), ¢.p.s. per 100 ml... ; : 5.6 


1 11.5 
2. Celle, cps. per 100 mi............. 38 4.2 
3. COs, c.p.s. per 100 ml...... aS 25 7.45 6.17 
4. Total CO, produced, mm per 100 mi.. é sco 0.73 0.34 
5. Glucose consumed, mm per 100 ml........ 0.26 0.10 
6. Total acetate ((1) + (2) + (3)), ¢.p.s. per 100 mi. ; 51.0 21.8 
% as COz (3:6)..... 14.6 28.3 
7. Average density of cells, 7 y per ml. 145 167 





Initial concentrations, ghasene, ¢ 0. 77 n mg. per ml.; acet ule, 0.5 mg. per mb NH,Cl 
(A), 1.5 mg. per ml., and (B), 0 mg. per ml. 


proline, glutamic acid-arginine, and aspartic acid-threonine are relatively 
constant. 


Oxidation of Acetate 


The quantity of acetate converted to CO: is small and cannot be meas- 
ured accurately by the usual technique of incubating the cells with aera- 
tion. To measure the CO. production, the cells were shaken in sealed 
bottles for 1 hour. At the end of the hour HCl was added to release the 
CO, from the fluid, the fluid was removed, and the CO, was trapped by 
adding 0.1 N NaOH. BaCoO; was then precipitated and measured. Table 
IX shows that, when the cells are growing in the presence of glucose and 
NH,*, the ratio of C“ incorporated to C™ released as C“O» is 7:1. This 
is in agreement with predictions based on the Krebs cycle (4). When 
NH,* is omitted, there is very much less incorporation of acetate, more is 
converted to non-volatile compounds in the medium, and a larger fraction 
is converted to CO2. The quantity of acetate converted to all other prod- 
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ucts is reduced by a factor of 2, which agrees with other observations that, 
in the absence of NH,*, the utilization of glucose, uptake of Oz, and produc- 
tion of CO: all drop by a factor of 2. Evidently the rate of flow in the 
tricarboxylic acid cycle is reduced in the same ratio as other processes for 
degrading glucose. Other experiments show that, when neither glucose 
nor NH,* is present, 90 per cent of the acetate acted on by the cell is con- 
verted to COs. 
DISCUSSION 

The nature of two of the fractions isolated from LZ. coli by the extraction 
procedure adopted here is worth comment. Cold 5 per cent TCA liberates 
anumber of small molecular weight substances, including peptides. When 
cells are grown in the presence of labeled acetate, glutamic acid peptides 
account for most of the radioactivity in this fraction. The 75 per cent 
ethanol extract is of interest in that it contains protein as well as lipide. 
It is not known whether these exist as lipoprotein in the intact cell, but, 
if so, they are readily resolved after extraction. 

In growing organisms there is parallel incorporation of acetate carbon 
into all cell fractions over a wide range of acetate concentration (Fig. 1) 
and the total fixation and fixation into protein follow the time-course pre- 
dicted from the growth equation (Fig. 2). Also there is little turnover of 
C*, once it has been assimilated. Since most of the fixed acetate carbon 
occurs in protein and lipide, it appears that these substances are relatively 
permanent once formed, or else are degraded and synthesized without loss 
of radioactivity. Similar results have been obtained with CO, and 
$*O,-. In our experiments there is little assimilation of acetate in the 
absence of a nitrogen source (contrast the findings reported by Clifton (10)). 

The amount of acetate fixed by Z. coli is reduced if either aspartic acid, 
or, more effectively, glutamic acid is present in the growth medium (Table 
III). Neither of these substances has much effect on the incorporation 
into lipide; both reduce fixation into protein, and glutamic acid has a 
marked effect on the cold TCA-soluble fraction, the main labeling of which 
occurs in the glutamic acid peptides. The radioactivity fixed into the 
nucleic acids is also reduced by both glutamic and aspartic acids, indicating 
a pathway from aspartic acid to the pyrimidines. 

Perhaps the most interesting aspect of the present study is the light it 
throws on amino acid synthesis in Z. coli. When this organism is grown 
in a glucose-salts medium containing labeled acetate, the amino acids of 
the protein fall into two classes, those which become labeled and those 
which do not (11). This by itself suggests that the carbon chains of certain 
amino acids are formed from intermediates lying between glucose and py- 
ruvic acid of the Embden-Meyerhof sequence or of some other degradative 
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pathway of glucose, whereas the other amino acids involve incorporatig, 
of acetate carbon at some stage in their synthesis. This latter group cm 
be divided into three: (a) glutamic acid, proline, and arginine; (b) aspart; 
acid, threonine, lysine, methionine, and isoleucine; and (c) leucine. 

This classification is based among other things on the results of comp 
tition experiments and comparisons of specific activities. For exampk 
glutamic acid, proline, and arginine have specific activities very near 
identical to each other, as do aspartic acid and threonine. The preseng 
of aspartic acid in the growth medium eliminates the uptake of C™ frop 
radioactive acetate into its family of amino acids, glutamic acid into jt 
family, and also into the aspartic acid family. Leucine alone of thog 
amino acids labeled from acetate is not affected by aspartic or glutami 
acid. Each of the amino acids mentioned prevents the incorporation ¢ 
tracer into itself. 

It is suggested that two separate acetate fixation mechanisms are in. 
volved in amino acid synthesis, one in which leucine is a product and, 
second in which glutamic acid (or a substance in equilibrium with it, such 
as a-ketoglutaric acid) is an early product. Some of the arguments in 
favor of glutamic acid rather than aspartic acid, or both, occupying this 
position are as follows: Aspartic acid does not compete with acetate in. 
corporation into the glutamic acid family. Glutamic acid does suppres 
acetate fixation into the aspartic acid group. Moreover, specific activities 
of the glutamic acid group are 3 to 6 times as high as those of the aspartic 
acid family. These findings render unlikely a dicarboxylic acid cycle in- 
volving acetate condensation to succinate, since this would result in high 
specific activity of aspartic acid and would tend to suppress the incorpor- 
tion of C“O.. 





The obvious resemblance of Table VII to the tables in papers on “bio- 
chemical mutants” is striking. Biosynthetic pathways from glutamic acid 
to proline (12), glutamic acid to arginine (12), aspartic acid to threonine 
(3) via homoserine, which may be the source of the C-4 chain of methio- 
nine (13), and a relationship between threonine and lysine (14) have been 
postulated for various microorganisms. It seems likely that in E. coli 
there exist all of these interrelations. 

Further evidence, based on the use of labeled carbon dioxide, glucose, 
and amino acids (4, 5), supports the present findings and suggests that 
glutamic acid (or a substance in equilibrium with it) supplies all 5 carbon 
atoms of proline and all but the amidine carbon of arginine, and that as- 
partic acid (or a substance in equilibrium with it) supplies 4 carbon atoms 
of threonine, lysine, methionine, and isoleucine. 

Roberts et al. (4) give a theoretical treatment of the quantitative flow 
of carbon atoms into the glutamic acid and aspartic acid families based on 
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the Krebs tricarboxylic acid cycle. This treatment, once the flows are 
determined, predicts the positions and specific radioactivities in the amino 
acids of particular tracer carbon atoms derived from various metabolites. 
It is useful in that, if the flows are determined experimentally by using, for 
example, C“O2, then predictions for labeled acetate or glucose-1-C™ can 
be made and verified. 


One of us (Kenneth McQuillen) is grateful to Dr. Merle A. Tuve and his 
staff for hospitality at the Department of Terrestrial Magnetism during 
tenure of a Visiting Fellowship of the Carnegie Institution of Washington. 


SUMMARY 


1. The incorporation of radioactive acetate into various fractions of 
actively growing Escherichia coli has been studied in the absence and pres- 
ence of certain amino acids. 

2. In a glucose-salts growth medium, £. coli fixes both acetate carbons 
into glutamic acid, proline, arginine, aspartic acid, threonine, lysine, methi- 
onine, isoleucine, and leucine. 

3. Specific activity measurements and competition experiments indicate 
biosynthetic relationships among most of these amino acids. 

4. These and other results can be interpreted in terms of the Krebs 
tricarboxylic acid cycle, functioning in actively growing EZ. coli mainly as 
part of a mechanism for synthesis of a group of amino acids. 
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THE DECOMPOSITION OF METHIONINE IN SULFURIC ACID* 


By THEODORE F. LAVINE anp NORMAN F. FLOYD 


(From The Institute for Cancer Research and the Lankenau Hospital Research Institute, 
Philadelphia, Pennsylvania) 


(Received for publication, June 19, 1953) 


The classical procedure for the preparation of homocystine consists of 
boiling a solution of methionine in 50 per cent sulfuric acid followed by 
neutralization (1). Although the yields of homocystine account for only 
25 to 45 per cent of the methionine, the nature of the reaction has received 
little attention since originally published by Butz and du Vigneaud (1). 
These authors noted the formation of dimethyl disulfide and also observed 
that the complete removal of sulfate by barium hydroxide resulted in a 
solution of considerable alkalinity. 

The present study provides experimental evidence for the following 
mechanism for the reaction (R and Me signify —CH2CH2CH(NH:.)COOH 
and —-CHs;, respectively): 


2RSMe + 2H.SO, — 2RSH + 2MeSQ,H (1) 
2RSMe + 2MeSOQ,H — 2R(Me).S*SO,H- (2) 
RSH + H:SO, — RSSO;H + H:0 (3) 
RSH + RSSO;H — RSSR + H.SO; (H20 + SO.) (4) 
or 
4RSMe + 3H.SO, — RSSR + 2R(Me).S*SO,H- + 2H20 + SO, (5) 


Reaction 1 could not be directly demonstrated, but it has its counterpart 
in the Baernstein demethylation procedure (2) in which the action of 
hydriodic acid on methionine gives rise to the volatile methyl iodide 
and homocysteine thiolactone. Alternatively, sulfuric acid may react with 
methionine as follows: 


RSMe + H.SO, — MeSH + RSO.H (1, a) 


and would thus account for the small amount of dimethy] disulfide that is 
formed. 


The alkylating action of dimethyl sulfate in sulfonium salt formation is 


* This investigation was supported in part by a research grant from the National 
Cancer Institute of the National Institutes of Health, United States Public Health 
Service, and in part by an institutional grant from the American Cancer Society. 
The results were presented in part at the meeting of the American Society of Biologi- 
cal Chemists in Cleveland, April, 1951. 
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well documented! and was found to be especially facile in sulfuric acid 
The reaction between equivalent amounts of methionine and dimethy, 
sulfate in 16 N H2SO, is essentially complete in 15 minutes at 135°. Fro 
this it may be inferred that Reaction 2 is rapid under these conditions 
Additional data pertaining to Reaction 2 is shown in Fig. 1. The reaction 
of dimethyl] sulfate consists of an initially very rapid phase which is fol. 
lowed by a rate corresponding to that of the acid sulfate. 

The oxidation of mercaptans, including homocysteine (5), to disulfide 
by sulfuric acid is also well known and presumably occurs by way of Re. 
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Fic. 1. The formation of methionine methylsulfonium hydrogen sulfate in 16 Nx 
H.SO,. Original concentration of methionine 0.860 m, of methyl derivative 0.946 n. 


actions 3 and 4. Reaction 3 bears a formal analogy to the formation of an 
alkyl hydrogen sulfate. Sulfur dioxide was estimated by absorption in 
alkali and iodometric titration and also by the loss in weight of the mixture 
during the reaction. 
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A similar mechanism has been advanced by Haas and Dougherty (6) to 
account for the decomposition of benzy] sulfide in sulfuric acid. 
EXPERIMENTAL 


The reaction mixtures were prepared by weight and resulted in final 
concentrations of about 0.87 m methionine and 16 N sulfuric acid. For 


‘Ray and Farmer (3) review sulfonium sulfates and Atkinson and Poppelsdorf 
(4) describe the preparation of methionine methylsulfonium methosulfate. 
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analysis, 1 ml. aliquots of the reaction mixture were weighed and diluted to 
10 ml. 

Methionine was estimated by its reversible iodine consumption (7). 
Both homocystine and, to a lesser degree, the sulfonium salt interfere by 
also liberating iodine. The interference by homocystine was eliminated 
with mercuric sulfate as follows: To 5 ml. of the diluted aliquot, in a gradu- 
ated centrifuge tube, are added 2.5 ml. of water and 1 ml. of 0.5 m HgSO, 
in 1.8 N H2SOy. When no further immediate precipitation occurs on drop- 
wise addition of the HgSO, reagent to the supernatant solution, the mix- 
ture is diluted to 10 ml. and allowed to stand for 2 hours. After centrifu- 
gation methionine is determined on an aliquot of the supernatant liquid. 

The relatively small contribution of sulfonium salts to the methionine 
value may be evaluated by a “blank” in which methionine is oxidized to 
the sulfoxide prior to the iodometric procedure (7). 

Iodate Oxidation—The total reducing power of solutions was estimated 
by oxidation with excess iodate (at least 100 per cent) in n hydrochloric 
acid (i.e. 2 ml. of the diluted aliquot, 5 ml. of 5 Nn HCl, and 15 ml. of 0.1 
n KIO; are diluted to 25 ml.). Aliquots were titrated at intervals (usually 
10 minutes, 1 and 2 hours) until a constant value was obtained, which was 
calculated in terms of moles of iodine or atoms of oxygen and correlated 
with methionine (1I; per mole) or homocystine (5I2 per mole). 

Homocystine was estimated by colorimetric determination with phospho- 
18-tungstic acid (8) and indirectly by iodate oxidation. At the end of 
Reaction 5 the oxidation value showed good agreement (within 2 per cent) 
with the colorimetric figures. 

Sulfur Dioxide—The odor of sulfur dioxide is readily apparent during 
the reaction of methionine with hot sulfuric acid. Quantitative estimation 
was made by passing N» through the boiling reaction mixture into Nn NaOH 
for a period of 8 hours. Iodometric titration after acidification indicated 
the formation of 101.5 per cent of the amount of sulfite required by Re- 
action 5. When formaldehyde was added at pH 9, the iodine consumption 
was reduced to 3.5 per cent, thus indicating the virtual absence of mercap- 
tan. Examination by the mass spectrograph of the gas evolved on acidi- 
fication showed only sulfur dioxide to be present.? The loss in weight of a 
solution of 500 mm of pi-methionine in 500 ml. of 18 n H.SO, upon reflux- 
ing at 135° for 3 hours (the time required for complete reaction) amounted 
to 8 gm., in agreement with the expected amount of sulfur dioxide. 

Dimethyl Disulfide—The formation of dimethy] disulfide was detected by 
passing N, through the boiling reaction mixture for 8 hours into, first, 2.5 
N NaOH and, secondly, 3 per cent HgCls The HgCl. trap yielded 0.2 
gm. of precipitate (from 50 mm of methionine) which sintered at 142°; m.p., 


? The authors wish to thank the Houdry Process Corporation, Marcus Hook, for 
this determination. 
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147-148° with decomposition. On treatment with 5 N HCl at 60° the 
precipitate evolved a gas which gave a precipitate with Hg(CN)2. This 


behavior characterizes dimethyl disulfide (9, 10). Control experiments 


established that dimethyl disulfide passes through the alkaline sulfite soly. | 


tion. No evidence was obtained for the presence of dimethyl sulfide. Op 
the basis of the iodate oxidation values and the colorimetric estimation of 
homocystine, only 1 to 2 per cent of the methionine was converted to di. 
methyl! disulfide. 

Rate of Reaction—Table I shows the results obtained on boiling a solution 
of methionine in 50 per cent H.SQ,. 


The methionine disappeared jp 
about 3 hours. 


The original iodate oxidation value corresponds to methi- 


TaBLe I 
Decomposition of 0.89 m Methionine in 16.4 n Sulfuric Acid at 135°* 








Time Methionine Homocystine Iodate oxidation 
hrs. mM mM milliatoms O 
0 100.2 (100)t 0 (0)+ 99.8 (100)+ 
1 12 25.0 134.5 
2 4.4 24.9 135.5 
4 0 24.9 134.8 
st 0 25.2 133.2 
12 0 25.5 132.6 
16 0 (0)t 25.3 (25)+ 133.2 (125)t 


* 100 mM of methionine and 100 ml. of 18.5 N H.SO,. 

¢ The figures in parentheses represent theoretical values. 

t At the end of 8 hours the solution was allowed to stand at room temperature for 
15 hours; the heating was then resumed for an additional 8 hours. 


.onine; the final value, 133, corresponds to 1.6 mm of dimethyl disulfide and 
25 mM of homocystine. Both the sulfonium salt and homocystine appear 
to be stable against sulfuric acid under these conditions. 

Isolation Procedures—A solution of 500 mm (75 gm.) of pu-methionine 
and 500 ml. (749 gm.) of 18.5 N H.SO, was refluxed at 135° for 3 hours; 
density of solution, 1.453. Analysis in terms of the theory for Reaction 5 
was as follows: methionine, absent; homocystine (colorimetric), 100.4 per 
cent; homocystine (iodate oxidation), 102.5 per cent; methionine methyl- 
sulfonium phosphotungstate,’ 95 per cent; mercaptan (nitroprusside test 
with cysteine standards), 5.6 mm or 1.1 per cent of original methionine. 
This solution was used for the following isolation procedures. Methionine 


35 ml. of the reaction mixture were diluted with 85 ml. of water (i.e. 0.9 n H.SO,) 
and 10.5 gm. of phosphotungstic acid in 20 ml. of 1 n H:SO, added. The mixture was 
allowed to stand for an hour and then filtered and the precipitate washed twice suc- 
cessively with water, methanol, and ether; yield, 4.60 gm. 
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methylsulfonium sulfate, because of its hygroscopic nature, was unsatis- 
factory for isolation and the bromide (11) was utilized for this purpose. 
Its identity and purity were verified routinely by the Volhard and formol 
titrations (equivalent weight, 244.2). Drying was carried out at room 
temperature in vacuo over P:Os. While the bromide is relatively stable in 
the dry state, the odor of dimethyl sulfide is always detectable and on 
long storage the substance may become yellow, particularly if exposed to 
light. The gradual decomposition renders the melting point of limited 
value and dependent on the rate of heating, although it is sharply defined 
by much foaming (7.e. evolution of dimethyl sulfide). The value 139° 
(in agreement with Toennies and Kolb (11)) was obtained by heating at a 
rate of 2° per minute in an open tube in an electrically heated apparatus 
of the Hershberg type. Recrystallization was carried out in aqueous 
alcohol in which methionine methylsulfonium bromide possesses the follow- 
ing solubilities at 25°, expressed as gm. per 100 ml.: methanol, 0.439; 90 
per cent methanol, 2.685; ethanol, 0.012; 90 per cent ethanol, 0.41; it is 
insoluble in acetone and ether. 

Phospho-12-tungstic acid forms with methionine methylsulfonium salts 
in dilute acid solution (1 to 2 N) a characteristic, voluminous microcrystal- 
line precipitate which is insoluble in water, dilute acid, alcohol, and ether 
and soluble in acetone and hot acidified aqueous alcohol. Recrystalliza- 
tion of the sulfonium phosphotungstate (0.644 and 0.648 per cent nitrogen) 
was carried out in hot 50 per cent aqueous ethanol containing 1 N HCl 
(4 gm. of sulfonium phosphotungstate per 100 ml.) with 93.5 per cent re- 
covery (0.643 and 0.651 per cent nitrogen). (The determination of nitro- 
gen by the Kjeldahl procedure with peroxide is technically somewhat diffi- 
cult, owing to the insolubility of the phosphotungstate.) In terms of the 
N remaining in solution, the solubility of the sulfonium phosphotungstate 
at 25° is 1 X 10-* o in acidic 50 per cent ethanol and 6 X 10-* M in aque- 
ous 1 N H2SQ,. 

The solubility of the phosphotungstate in water-acetone mixtures is 
given in Table II. The rate of solution in absolute acetone was relatively 
slow and suggests reaction of the components. This was also indicated 
by the finding of a continuous increase in nitrogen content of the phos- 
photungstate after attempts at recrystallization from aqueous acetone. 

The insolubility of the sulfonium phosphotungstate in cold aqueous alco- 
hol separates it from homocystine phosphotungstate, while its solubility in 
acetone distinguishes it from ammonium phosphotungstate. The latter 
fact was utilized for conversion of the phosphotungstate to the bromide by 
adding a slight excess of tetraethylammonium bromide to a solution of the 
sulfonium phosphotungstate in 80 to 90 per cent acetone. (Quaternary 
ammonium phosphotungstates form larger crystals than the simple am- 
monium compound and are easier to handle.) The filtrate contains methi- 
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onine methylsulfonium bromide hydrobromide, indicating that the sul. 
fonium and aminium groups each bind an acid radical of phosphotungstie 
acid. This and the nitrogen values suggest the following composition fo 
the phosphotungstate: (CsHuO2NS)3(H;PO,-12W0O;-7H2O). equivalent 
weight per N, calculated 2169; found 2170. Alternatively, phosphotung. 
stic acid may be removed from acid solutions of the sulfonium salt by ex. 
traction with amyl alcohol-ether mixtures. 

Unless otherwise stated, the following yields of homocystine and methi- 
onine methylsulfonium salt refer to per cent of the theory according ty 
Reaction 5. For maximal yields of homocystine, precipitation was al- 
lowed to occur at low temperature until the homocystine content of the 
supernatant liquid reached a constant value. 


TABLE II 


Solubility of Methionine Methylsulfonium Phosphotungstate in Acetone-Water 
Miztures 


2 ml. of the specified solutions were placed in stoppered test-tubes and the sulfon- 
ium phosphotungstate added over a period of 3 days until an excess was present, 
Aliquots (0.5 to 1.0 ml.) of the clear supernatant liquid were then removed and 
evaporated in tared beakers and the weight of the residue was determined. 


| 
de pnn.nscbbnustwonsels vehi pebeobdaea 10 | 20 | 30 | SO | 60 | 70 | 80 | 90 | 100 


Acetone, %.... 


Sulfonium phosphotungstate, gm. per ml. .'\0.02 0.04.0.12'0.45.0.64 0.67'1.40/1.51,1.88 


NH;-Methanol Procedure—The reaction mixture (100 ml.) was diluted 
with ice (300 gm.) and neutralized with 15 n NH; to pH 6.5 to 7 to pre. 
cipitate homocystine; yield, 90 per cent. Additional precipitation during 
the subsequent isolation of the sulfonium salt increased the yield to 99.2 
per cent. Estimation by iodate oxidation indicated 98.1 per cent purity. 
The filtrate from homocystine was divided in two equal portions, each 
representing 50 ml. of the original reaction mixture. 

Sulfate was precipitated as (NH,)2SO, from one portion by evaporating 
in vacuo and treating the residue with 15 n NH; (22 ml.) and methanol 
(200 ml.). After standing in the refrigerator overnight, the mixture was 
filtered, the precipitate washed with methanol, and the filtrate evaporated 
to semidryness in vacuo. The residue was dissolved in water and found by 
analysis to consist largely of the thetin,* (CH;),StCHsCHsCH(NH,)COO-, 


‘The thetin is the inner salt derived from the sulfonium hydroxide. It reacts 
alkaline and accounts for the earlier observation of the alkaline solution resulting 
after removal of sulfate by barium hydroxide (1). If the ratio of aleohol to 15 N 
NH; is decreased to 2:1 in the precipitation of (NH,)2SO,, the sulfonium salt is re- 
covered as the neutral sulfate ((CH;)2SCH:CH.CH(NH;+)COO-).SQ,. 
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and to contain 101 per cent of the amino N calculated for the sulfonium 
salt (22.3 mm) and the remaining homocystine (1.1 mm). The solution was 
neutralized to pH 6 with HBr, sulfate was removed by barium bromide 
(4.4mm), and the filtrate was taken to semidryness in vacuo. Precipita- 
tion with 2 volumes of acetone from 80 per cent methanol solution yielded 
a crude product (5.45 gm.) which was decolorized in aqueous solution at 
50° with Norit. On evaporation, a small amount of homocystine separated 
(see above). Methionine methylsulfonium bromide crystallized from the 
filtrate (20 ml.) on the addition of 10 volumes of ethanol; yield, 70 per cent. 
Analysis of different preparations:> C 29.6, 29.7; H 5.95, 5.96; N 5.67, 
5.58; S 12.9, 12.9; NH»-N (formol titration) 5.75, 5.79; Br (Volhard titra- 
tion) 32.9, 33.1 per cent. Theory for CsHyO2NSBr, C 29.5, H 5.75, N 
5.74, S 13.1, Br 32.7 per cent. 

NH,Br-Methanol Procedure—The second portion of the filtrate from 
homocystine was evaporated in vacuo and (NH4)2SO, salted-out by the 
addition of NH.Br (44 mm) and 80 per cent methanol (70 ml.). Sulfate 
was removed from the filtrate by barium bromide, and, after evaporation 
in vacuo, methionine methylsulfonium bromide was precipitated by acetone 
from methanol solution. Yield, 75 per cent; recrystallization from 80 per 
cent methanol resulted in 86 per cent recovery. 

Ba(OH). Procedure—50 ml. of the original reaction mixture were neu- 
tralized to pH_ 5.5 to 6 with Ba(OH),. and the sulfate remaining was quanti- 
tatively removed with barium bromide (11 mm); theory for methionine 
methylsulfonium sulfate, 11.15 mm. The filtrate and washings from the 
barium sulfate were evaporated in vacuo to semidryness. The residue was 
extracted with 80 per cent methanol and filtered from homocystine. The 
filtrate was evaporated, the residue dissolved in methanol, and methionine 
methylsulfonium bromide precipitated by ethanol; yield, 65.5 per cent. 
The total recovery of homocystine, including extraction of the barium sul- 
fate with dilute acid, was 69.8 per cent. 

Phosphotungstic Acid Procedure—A solution of 100 ml. of the reaction 
mixture, 300 ml. of water, and 200 ml. of 95 per cent ethanol was heated 
nearly to boiling and 100 gm. of phosphotungstic acid in 100 ml. of hot 
water were added. The mixture was allowed to cool protected from light. 
When well settled, the precipitate was removed by filtration and washed 
successively with 50 per cent ethanol, absolute ethanol, and ether; yield, 
88.3 gm. or 91.3 per cent of the theory. 

Homocystine was precipitated from the filtrate after removal of phos- 
photungstic acid by extraction with ether-amyl] alcohol; yield, 83 per cent. 

For conversion of methionine methylsulfonium phosphotungstate to the 
bromide, 30 gm. of the phosphotungstate were dissolved in 75 ml. of 90 


5C, H, N, and § analyses by J. F. Alicino, Metuchen, New Jersey. 
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per cent acetone and 35 ml. of 1 m tetraethylammonium bromide added 
After the addition of an equal volume of water to complete the precipitg. 
tion, tetraethylammonium phosphotungstate was removed by filtration and 
washed with water. The estimation of amino N (14.3 mM) and neutralizg. 
tion equivalent (14.0 mm) indicated complete recovery as methionine 
methylsulfonium bromide hydrobromide. The solution was concentrated 
in vacuo to remove acetone (at this point, filter, if necessary, from any 
tetraethylammonium phosphotungstate) and then neutralized with the 
calculated amount of ammonia (14 mM) and evaporation was continued to 
about 5 ml. The residue was dissolved in methanol and methionine methyl. 
sulfonium bromide precipitated by ethanol; yield, 88 per cent of the theory; 
m.p., 136-136.5° with decomposition. 

Reaction of Methionine with Dimethyl Sulfate in 18 N H»SO.—10 mil, 
(105 mm) of dimethyl sulfate were added to a solution of 29.8 gm. (200 mw) 
of pt-methionine in 200 ml. of 18 N H.SO,. After the dimethyl] sulfate had 
dissolved (slightly exothermic), the solution was refluxed at 137° for | 
hour. Methionine determinations indicated that 43, 99, and 100 per cent 
of the methionine had reacted after solution of the components and after 
heating for 15 minutes and 1 hour, respectively. Removal of sulfate by the 
Ba(OH)2 procedure resulted in a 70 per cent yield of methionine methyl- 
sulfonium bromide, an additional 23 per cent being recovered by working 
up the mother liquors. The NH;-ethanol procedure resulted in a 74 per 
cent yield. Analysis: C 29.5, H 5.80, N 5.74, S 13.0 per cent. 


SUMMARY 


Evidence was presented to show that in the decomposition of methionine 
by hot 50 per cent sulfuric acid essentially one-half of the methionine is 
converted to homocystine and the other half to methionine methylsul- 
- fonium hydrogen sulfate. Intermediates in the reaction are homocysteine 
and methylsulfuric acid which arise by cleavage of the thio ether linkage by 
sulfuric acid. The homocysteine is subsequently oxidized to the disulfide 
by sulfuric acid which is reduced to sulfur dioxide. The methylsulfuric 
acid combines stoichiometrically with undecomposed methionine to yield 
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the corresponding methylsulfonium salt. The latter reaction is very rapid 
in hot sulfuric acid and it was utilized for preparative purposes. Details 
are given of procedures for the isolation of the sulfonium salt as the bromide 
and phosphotungstate. Methionine methylsulfonium phosphotungstate 
is described for the first time. 
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THE FORMATION OF SULFONIUM SALTS FROM ALCOHOLS 
AND METHIONINE IN SULFURIC ACID* 


By THEODORE F. LAVINE, NORMAN F. FLOYD, anp MARY S. CAMMAROTI 


(From The Institute for Cancer Research and the Lankenau Hospital Research Institute, 
Philadelphia, Pennsylvania) 


(Received for publication, July 17, 1953) 


The activity of ‘“S-adenosylmethionine” as a biological methylating 
agent (1), the influence of methionine on the production of thiomethyl- 
adenosine by yeast (2), and the isolation of the methylsulfonium derivative 
of methionine from plant extracts (3) attest to the biological importance of 
methionine sulfonium compounds. The present paper deals with the 
chemistry of methionine sulfonium derivatives. 

We have shown (4) that in hot 50 per cent H2SO, methionine and methy]- 
sulfuric acid form methionine methylsulfonium hydrogen sulfate at a rapid 
rate. Because hot H»SO, favors the formation of sulfuric acid esters from 
alcohols, it appeared worth while to investigate the formation of methi- 
onine sulfonium salts directly from hydroxy compounds, particularly 
those for which the sulfate (or halide) derivative is relatively inaccessible. 
A few instances of this approach are recorded in the literature (5, 6). 

The reaction of methionine with hydroxy compounds according to Re- 
action 1 was followed by determining the rate of disappearance of meth- 
jonine. 

RSMe + R’OH + H.SO, — (R)(R’)(Me)S*SO,H- + HO au 


A competitive and limiting factor to the above reaction is the self- 
decomposition of methionine in hot sulfuric acid according to Reaction 2. 


4RSMe + 3H.SO, — RSSR + 2(Me)2(R)S*SO,H- + SO: + 2H.0 (2) 


The extent to which the latter reaction occurred was evaluated from the 
amount of homocystine formation and from the known rate of reaction (4). 
Qualitative and quantitative evidence of sulfonium salt formation was ob- 
tained by precipitation with phosphotungstic acid from dilute sulfuric acid. 

As shown in Table I, methionine in boiling 15 Nn sulfuric acid reacts 
readily with simple alcohols to form sulfonium salts. tert-Butyl alcohol 
also reacts at room temperature, but the resulting sulfonium salt decom- 
poses at elevated temperatures and also on dilution. Benzyl and allyl 
alcohols appear to react readily, but side reactions are indicated by pre- 


* This investigation was supported in part by a research grant from the National 
Cancer Institute of the National Institutes of Health, United States Public Health 
Service, and in part by an institutional grant from the American Cancer Society. 
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TaBLe I 
Reaction of Methionine with Hydrory Compounds in 15 n Sulfuric Acid at 136° 


The reaction mixtures were prepared by weight and contained 50 mm of DL-methi- 
onine, 100 mm of hydroxy compound, and 50 ml. of 18 n H.SO,. Methionine and 
homocystine determinations were made on aliquots of a 1:10 aqueous dilution of the 
reaction mixture. All results are expressed as per cent of methionine initially 
present. The determinations of homocystine and sulfonium salt were made at the 
end of the reaction. 


Methionine 


Hydroxy compound ’ ’ peo — 
After ‘3 aie. ‘fs tungstate* 
mixing 
per cent per cent per cent percent | per cont 
tsid...clools . suipag. izeeerg 100 2 | © | @ 
Methanol ............. Veeco cmeneeaael ee 2 0 | O 95 
| ST eee il 0 | 0 | 106 
Propyl alcohol................. 102 20 0 | o | 
Isopropyl alcohol........ rooscet ae 10 0 99 
tert-Butyl alcoholf......... ’ 52 66 | 91 
“ MisBiuat odd wlapsecd iD “a ok ah 
Benzyl aleohol............ 51 0 0 | O 72 
Allyl eee 86 0 0 | O 114 
Phenol........ hs 99 99 0 
Ethanolamine : 99 97§ 84§ 23]| 
put-Threonine i , 889 60§ 19§ | 46 
DL-Serine. ........ am ; 100 70** |. 
Se VE 100 2i** | 45** 


* The equivalent weight of sulfonium phosphotungstates was assumed to be 2138 
plus the molecular weight of the respective hydroxy compound. 

t The reaction was accompanied by darkening and gas evolution (isobutylene ?). 
After standing for 3 days the methionine content of the first diluted aliquot had 
increased from 52 to 100.6 per cent. 

{ Reaction run at 25°. No methionine remained after 3 hours; after standing 
for 17 hours the diluted 3 hour aliquot contained 58.4 per cent methionine, while the 
original reaction mixture was still methionine-free. 

§ Methionine determinations made on filtrate from mercuric sulfate precipitate 
(4). 
|| 2 hour value; corresponding methionine value 57 per cent. 

{| The reaction mixture had been heated on a water bath for 1 hour. 

** These values are approximations based on the ratio of the total to the reversi- 
ble iodine consumption values in the methionine determination. After 5 minutes 
oxidation, the ratio for homocystine is 3:1 and for methionine 1:1. 

tt Serine was allowed to stand for 1 hour with 18 m sulfuric acid before dilution to 
18 N and addition of methionine. 
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cipitate formation and the low yield of phosphotungstate in the former case 
and darkening of the reaction mixture in the second. The apparent lack 
of reaction with phenol and ethanolamine is contradicted by the absence of 
the self-decomposition of methionine, which suggests reversible sulfonium 
salt formation depending on temperature. With the biologically occurring 
hydroxy compounds, threonine and serine, the predominant reaction was 
the decomposition of methionine according to Reaction 2. Several var- 
iations in conditions were employed with serine (in order to prepare 
the methylsulfonium salt of cystathionine (7)), all with negative results. 
These included the use of phosphoric acid, 9 N' and 36 N H.SO,, and (as 
shown in Table I) the prior formation of the sulfate derivative of serine by 
the use of concentrated sulfuric acid (8). 8-Propiolactone readily formed 
a sulfonium salt with methionine. Qualitative experiments with glycolic 
and lactic acids showed no interaction with methionine, presumably owing 
to their decomposition in hot sulfuric acid. The use of halogen acids 
instead of sulfuric acid leads similarly to sulfonium salt formation with 
8-bromopropionic acid and methanol, yielding the corresponding sulfonium 
salts in hydrobromic and hydrochloric acids, respectively. 

The isolation of sulfonium salts in the solid state, apart from occasional 
inherent instability, frequently depends on the choice of a suitable anionic 
component and on the ionic state of polar groups in the sulfonium moiety. 
The methionine carboxyethylsulfonium salt, for example, may be ionized 
as shown, depending on the acidity of the solution. The bromide hydro- 
bromide (I) was obtained as an oil, the bromide (II) as an unstable solid, 
and the thetin (III) as a solid admixed with IT; the isolation of IV was not 
attempted. Methionine isopropylsulfonium bromide was obtained as a 
solid but the n-propyl derivative yielded a syrup; the instability of the 
tert-butyl derivative has been mentioned. 


R(NH;*) COOH R(NH;*) COO- R(NH;+) COO- 
| | 
CH;—S* 2Br- CH;—St Br- CH;—S*t 
| | 
| | 
R’COOH R’/COOH R’COO- 
(1) (ID (IID 
R(NH:)COO- 
CH;—S* 


R’'COO-Nat 
(IV) 





1In 9 n H.SO,, the decomposition of methionine (Reaction 2) does not take place; 
however, the rate of reaction with methanol (Reaction 1) is also decreased (33 per 
cent sulfonium salt formation in 1 hour at 104°). 
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The reactivity of sulfonium salts is manifested by displacement of one of 
the groups contributing to the sulfonium function. Which group is elim. 
inated is determined by the relative electron release effects among the three 
substituents which, in turn, often vary with changes in the acidity of the 
medium. Decomposition can thus lead to a variety of products and the 
biochemical significance of methionine sulfonium salts, accordingly, would 
not appear to be limited to transmethylation phenomena alone. 

The simplest case is presented by the methylsulfonium salt of methionine 
which has only two alternatives for decomposition. 


RSMe,* — RSMe + Met (3) 
RSMe.* — Me.S + Rt (4) 


Previous investigations of methionine sulfonium salts have revealed that, 
in general, the pathway of decomposition is related to the acidity (9), that 
the methylsulfonium salt evolves dimethyl] sulfide from alkaline solution at 
temperatures of 90° or higher (10), and that, on boiling aqueous solutions 
of the sulfonium salt derived from methionine and ‘‘mustard gas,”’ products 
corresponding to both Reactions 3 and 4 are formed (11). 

Our results show that the methionine methylsulfonium salt in the form 
Me.S+R(NH;+)COOH decomposes according to Reaction 3, while Me.S*R- 
(NH;*+)COO- and Me2S+R(NH:2)COO- decompose according to Reaction 
4. Reaction 3 is the reverse of formation of the sulfoniur1 salt (Reaction 
1) and takes place in hot acid solution. The rate of reaction varied with 
the nature of the acid as follows: 7 n HI > 6 N HCl > 6 Nn HBr > 16 to 
18 n H.SO,, no decomposition being detected in 16 to 18 N H2SO,.?_ The 
acid HX, by its influence on the equilibrium MeOH + HX — MeX + 
H,0, determines the reactivity and volatility of the ester MeX and hence 
the rate and extent of Reaction 3. With HI, Reaction 3 is followed by 

similar decomposition of methionine (12) and both methyl groups of the 
sulfonium salt are quantitatively eliminated as methyl iodide. Accord- 
ingly, the results of demethylation procedures for the estimation of methi- 
onine must be taken advisedly if conditions admit of sulfonium salt 
formation (13). In concentrated HCl, methanol formed a sulfonium salt 
with methionine, but the reaction ceased at about 70 per cent conversion 
and decomposition ensued owing presumably to the volatility of methyl 
chloride. The reversibility of Reaction 3 in concentrated HCl and the 


2 Dr. J. A. Stekol (unpublished data) of this Institute has established that C¥- 
methyl-labeled methionine, when refluxed for 30 minutes in 18 Nn H.SO, with 1, 2, 4, 
and 8 moles of methanol, yields the methylsulfonium salt (isolated both as the phos- 
photungstate and bromide) without any loss of radioactivity; i.e., there is no dilution 
of methyl groups of the sulfonium salt and consequently little tendency for Reaction 
3 in sulfuric acid. 
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preferential elimination of the methyl group have long been utilized for the 
preparation of S-substituted homocysteine derivatives from methionine 
and organic halides (14, 15). Decreasing the concentration of acid de- 
creases the rate of Reaction 3, 6 per cent methionine being formed on 
refluxing for 4 hours in N HCl in comparison with approximately 40 per 
cent in 6 N HCl (see Fig. 1). 

Refluxing a solution of methionine methylsulfonium bromide in water 
(pH 4.0) led, after 1 hour, to 64 per cent decomposition according to 


109, 
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Fic. 1. Decomposition of methionine methylsulfonium salts by refluxing in con- 
stant boiling halogen acids. ©, 0.9 m methionine methylsulfonium bromide in 6 N 
hydrochloric acid; A, 0.9 M methionine methylsulfonium bromide in 6 nN hydrobromic 
acid. Methionine was determined iodometrically (16). 








> 





Reaction 4, a. From the pH of the solution and the dissociation constant 
RSMe:*Br- + H.O — MeS + ROH + HBr (4, a) 


pK 7.7 (see the next paragraph), this decomposition represents the be- 
havior of the ion Me.S+R(NH;+)COO- and it may be concluded that 
dissociation of the carboxyl group makes the amino acid moiety the more 
labile group. Elimination of the charge on the amino group intensifies this 
effect: the sulfonium salt in the presence of 2 equivalents of alkali was 
found to be completely decomposed after refluxing for 1 hour; 7.e. 


RSMe.* + OH- — Me.S + ROH (4, b) 


Heating of methionine methylsulfonium bromide in the solid state also 
results in dimethyl sulfide formation. 
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The titration curve (Fig. 2) shows that methionine methylsulfonium 
bromide (pK: 7.7) is a stronger acid than methionine (pK 9.2), which may 
be attributed to the effect of the positive sulfonium group on the amino 
acid moiety. In practice about 90 per cent of the acid is titrated at the 
turning point of thymol blue. 


EXPERIMENTAL 


Analytical—Methionine was estimated iodometrically (16); if homo. 
cystine was also present, methionine was determined on the filtrate from 
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Fig. 2. Titration of 0.05 m methionine methylsulfonium bromide with 0.05 x 
NaOH. The mid-point of the titration occurs at pH 7.7. 


mercuric sulfate precipitation (4). Homocystine was estimated colori- 
metrically (17). The formol titration and the Volhard procedure were 
used for the routine estimation of amino nitrogen and bromide. A modif- 
cation of the Baernstein apparatus was used for the estimation of methyl 
groups (18, 19). Digestion for 4 hours with 1 ml. of solution and 10 ml. 
of constant boiling hydriodic acid yielded the following results expressed as 
per cent of the theoretical methyl group content: 0.1 M methionine, 93.0, 
93.6; 0.1 m N-acetylmethionine, 94.2; 0.05 m methionine methylsulfonium 
bromide, 96.2, 96.7. No correction for a blank was found necessary. The 
methionine value is in essential agreement with the result obtained by 
Kassell and Brand (20). About 90 per cent of the methyl groups of the 
sulfonium salt were eliminated in 1 hour. 


Sulfonium salts were precipitated by the addition of a slight excess of 
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phosphotungstic acid to a 10-fold aqueous dilution of the reaction mixture. 
On the basis of results with the methylsulfonium salt (4) the equivalent 
weights per nitrogen were calculated as 2138 plus the molecular weight of 
the hydroxy compound. The methyl- and ethylsulfonium phosphotung- 
states were soluble in hot acid-aleohol mixtures (1 to 2 N H»SO, or HCl 
made up in 50 per cent ethanol or methanol) but insoluble in the cold. 
The remaining phosphotungstates of Table I were soluble in the cold al- 
coholic mixture. Sulfonium bromides were prepared from the phospho- 
tungstates by the procedure previously described (4). pi-Methionine was 
used throughout. 

pi-Methionine Ethylsulfonium Bromide—Over-all yield, 42.5 per cent; 
equivalent weight from Br-, 260, from NH.-N, 259; theory, 258; m.p., 
146-147° with decomposition. 

pi-Methionine Isopropylsulfonium Bromide—Over-all yield, 68 per cent; 
equivalent weight from Br-, 282, from NH2-N, 263; theory, 272; m.p., 
131-131.5° with decomposition. A strong odor of presumably isopropyl- 
methyl sulfide developed on storage. 

Reaction with Phenol and Related Compounds—p-Phenolsulfonic acid be- 
haved similarly to phenol and prevented the decomposition of methionine 
in hot H.SO,. A likely explanation of the protective action is that the 
phenolic compound forms a sulfonium salt in hot solution which on cooling 
or dilution spontaneously decomposes to the original components somewhat 
as the tert-butylsulfonium salt and the sulfonium salt derived from methi- 
onine and mustard gas’ (11). On the other hand, the presence of phenol 
did not affect the rate of sulfonium salt formation by methanol. 

p-Methoxyphenylsulfonic acid (2 moles) was found to be an efficient 
methylating agent in hot 15 Nn H2SQ,, a 90 per cent yield of methionine 
methylsulfonium phosphotungstate being obtained after refluxing for 2 
hours. 

pi-Methionine Carboxyethylsulfonium Salt. 8-Propiolactone—6.3 ml. (100 
mM) of 8-propiolactone were dissolved in 25 ml. of water and 7.5 gm. (50 
mM) of methionine added. The methionine dissolved slowly with heat 
evolution over a period of about 2 hours. At this point only 16 per cent 
of the methionine remained. The solution was then made 15.8 n in sul- 
furic acid and allowed to stand overnight at room temperature, whereupon 
the methionine value was 2.8 per cent of that added. The mixture was 
diluted with 10 volumes of water and 105 gm. of phosphotungstic acid in 
200 ml. of 2 n sulfuric acid were added. The precipitate was filtered, 
washed with dilute hydrochloric acid until sulfate-free, and dried in vacuo 
over sodium hydroxide; yield 103 gm. 


$In this connection, it is interesting to note that iodobenzene, apparently, does 
not form a sulfonium salt in concentrated HCl (21). 
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8-Bromopropionic Acid—A solution (50 ml.) 1 m in methionine, 1 m in 
8-bromopropionic acid, and 6.6 m in hydrobromic acid was allowed to 
stand for 16 hours at room temperature and then heated on the steam bath 
for 1 hour. The methionine concentration at these intervals was 0.656 and 
0.098 M, respectively. The addition of phosphotungstic acid yielded 99 
gm. of precipitate. Phosphotungstic acid was removed from the precipi- 
tate by tetraethylammonium bromide in 75 per cent methanol and the 
filtrate evaporated to a thick syrup; weight, 18.9 gm.; water, 7.4 per cent; 
amino N, 42.4 mm; bromide, 93.2 mm; acid (to methyl red), 84.2 ms; 
methionine, 1.07 mm.‘ These results (on a dry basis) indicate a mixture 
of 42.2 mm of methionine carboxyethylsulfonium bromide hydrobromide 
(theory, 50 mm) and 9 mo of tetraethylammonium bromide. The syrup 
was soluble in ethanol from which it was precipitated by ether as a viscous 
oil. Neutralization, in an alcoholic solution, of the hydrobromic acid, i.. 
one-third of the total acidity, by alcoholic ammonia (0.14 m in 99 per cent 
ethanol) yielded a white amorphous precipitate, which after washing with 
absolute ethanol amounted to 55 per cent of the theory for methionine 
carboxyethylsulfonium bromide; molecular weight, 302; found, 307 by the 
Volhard titration and 313 by neutralization; no I, consumption at pH 7.4 
Oxidation by iodate in N HCl was negligible after 15 minutes but amounted 
to 1.5 atoms of O per 300 gm. after 28 hours, suggesting decomposition.’ 
On standing the solid material underwent a marked change in physical 
state, accompanied by formation of an intense odor. Attempts to produce 
the thetin by a similar neutralization procedure resulted in precipitation of 
mixtures of the thetin and sulfonium bromide which evidently reflected the 
equilibrium among the various ionic forms on neutralization. 

Decomposition of Methionine Methylsulfonium Bromide—Demethylation 
by refluxing in HI has been discussed. The action of concentrated HCl 
and HBr is shown in Fig. 1. A solution of 0.05 m methionine methylsul- 
fonium bromide in N HCl yielded 2 and 5.6 per cent methionine, respec- 
tively, after refluxing for 2 and 4 hours. There was no dimethyl] sulfide 
formation; 7.e., the loss of methyl groups was in agreement with the amount 
of methionine formed. Solutions of the methylsulfonium salt in 2 n HCl 
were evaporated to semidryness on a water bath (time, 10 to 30 minutes) 
without any loss of methyl groups. 

A solution of methionine methylsulfonium bromide (0.0521 m) in water 
was refluxed for 4 hours. The increase in acidity after 1 and 4 hours was, 


4 A black periodide is formed at pH 7 which reacts with thiosulfate without loss 
of Ip. 

5 The above results also indicate the absence of S-(2-carboxyethyl) homocysteine 
(kindly furnished by Dr. J. A. Stekol) which behaves like methionine on oxidation 
by iodine and iodate. 
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in respectively, 63.7 and 92.1 per cent of the theory for Reaction 4, a. No 
to methionine was found by iodine titration and the loss of methyl groups was 
ath 91 per cent of the theory. 
ind A solution of 0.0516 m methionine methylsulfonium bromide and 0.1052 
99 yw NaOH was refluxed for 1 hour. The decrease in alkalinity and the loss 
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on Fig. 3. Absorption spectra of tetraethylammonium bromide in water (Curve A), 
Cl methionine methylsulfonium bromide in 0.1 N HCl (¢ (molar extinction coefficient) 
il- = 4.0 at 238 mu) (Curve B), and homocysteine thiolactone hydrochloride in water 
a, (e = 4427 at 238 mz) (Curve C). The inset shows the results obtained with 2.5 x 
: 10-* m homocysteine thiolactone hydrochloride (Curve C) and an aqueous solution 
de of the product isolated after treatment of methionine methylsulfonium bromide 
nt with HI (Curve D) as described in the text. The measurements were made with a 
Cl Beckman model DU quartz spectrophotometer. 
18) 

of methyl groups were 101 and 99 per cent, respectively, of the theory for 
er Reaction 4, b. There was no evidence of olefin formation, as indicated by 
iS, the absence of bromination with iodate and bromide. The homoserine to 

be expected from the reaction was isolated as the lactone by utilizing the 
- procedure of Livak et, al. (22). The alkaline reaction mixture from 10 
- mo of the methylsulfonium salt was neutralized with sulfuric acid and 
on evaporated to semidryness in vacuo. The residue was treated with ethanol 

and filtered from sodium sulfate. Alcohol was removed from the filtrate 
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by distillation and the residue digested with hydrobromic acid. After 
removal of the acid in vacuo, a crude product (bromide, 92 per cent of the 
theory) was obtained in nearly quantitative yield which was recrystallized 
from ethanol; yield, 1.0 gm. or 55 per cent of the theory; equivalent weight, 
191.6 by the Volhard titration and 192.5 by neutralization (total acidity); 
sinters at 212°, m.p. 215-218° with decomposition; a-amino-y-butyrolac- 
tone hydrobromide molecular weight, 182; sinters at 215°, m.p. 221° with 
decomposition (20). 

Solutions of methionine methylsulfonium salts are relatively stable at 
ordinary temperatures and even alkaline solutions may be distilled in 
vacuo, with a water pump, without decomposition (4). 

Identification of Homocysteine Thiolactone—F or identification of the thio- 
lactone as a product of hydriodic acid digestion, 1 gm. (4.1 mM) of methi- 
onine methylsulfonium bromide was refluxed with 5 ml. of constant boiling 
hydriodic acid for 4 hours. The solution was then diluted with 30 ml. of 
water and excess phosphotungstic acid added. The precipitate was centri- 
fuged, washed with water containing phosphotungstic acid, and extracted 
with hot ethanol to yield a solution of the thiolactone phosphotungstate. 
Phosphotungstic acid was precipitated from the solution by tetraethyl- 
ammonium bromide and the resulting filtrate was decolorized and diluted 
to volume. The results of the spectrophotometric analysis shown in the 
inset of Fig. 3 indicate that 32 per cent of the methylsulfonium salt was 
recovered as homocysteine thiolactone. 


SUMMARY 


The reaction of hydroxy compounds with methionine in 50 per cent 
sulfuric acid was investigated. Methyl, ethyl, propyl, and isopropy] al- 
cohols readily yielded the corresponding sulfonium salts in hot acid.  tert- 
Butyl alcohol formed a sulfonium salt at room temperature which was de- 
composed on heating and also on dilution. With threonine and serine, 
only the self-decomposition of methionine to homocystine and methionine 
methylsulfonium ion occurred. 

In the case of phenol and ethanolamine, the formation of a sulfonium 
salt was indicated in hot acid, since there was no self-decomposition of 
methionine; however, on dilution, reversal of the reaction evidently oc- 
curred. Methionine carboxyethylsulfonium bromide was prepared by sev- 
eral methods. 

The decomposition of methionine methylsulfonium ion was investigated 
in some detail. In acid solutions, methionine is regenerated, the rate and 
extent of the reaction depending on the nature of the acid present. In 
hot neutral and alkaline solutions, dimethyl sulfide is evolved. The pos- 
sible importance of the reactions to biological systems has been discussed. 
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ISOLATION OF METHIONINE FROM PROTEIN HYDROLYSATES 
AS THE METHYLSULFONIUM SALT* 


By NORMAN F. FLOYD anp THEODORE F. LAVINE 


(From The Institute for Cancer Research and the Lankenau Hospital Research Institute, 
Philadelphia, Pennsylvania) 


(Received for publication, July 27, 1953) 


In the preceding papers (1, 2) the preparation and properties of sul- 
fonium salts of methionine were described. The ease of formation of the 
methylsulfonium salt and the solubility properties of its phosphotungstate 
suggest utilization for the characterization of methionine in amino acid 
mixtures, since the phosphotungstates of other a-amino acids are readily 
soluble in cold aqueous alcohol while ammonium phosphotungstate is 
insoluble in both aqueous alcohol and aqueous acetone (3). 

However, in protein hydrolysates the solubility relationships were found 
to be complex and the separation of phosphotungstates was not sharply 
delineated. The preliminary removal of ammonia particularly appeared 
to be desirable, and it was found that both ammonia and the basic amino 
acids could be precipitated by phosphotungstic acid from hydrochloric 
acid hydrolysates of protein with only minor losses of methionine. Methi- 
onine was then converted to the methylsulfonium salt and isolated without 
further difficulty. The procedure as finally evolved consists of the follow- 
ing steps: (1) hydrolysis of the protein with hydrochloric acid; (2) dilution 
and removal of ammonia and basic amino acids by phosphotungstic acid; 
(3) replacement of hydrochloric by sulfuric acid; (4) conversion of methi- 
onine to the methylsulfonium salt and precipitation with phosphotungstic 
acid; (5) conversion of the phosphotungstate to the bromide by means of 
tetraethylammonium bromide; (6) isolation of methionine methylsulfonium 
bromide from aqueous alcohol. 

Application of this procedure to casein resulted in isolation of 65 per 
cent of the methionine as L-methionine methylsulfonium bromide. With 
zein, recrystallization of the product was necessary and a yield of 45 per 
cent of the theory was obtained. The procedure may be modified, de- 
pending on the material under investigation and one’s needs. In many 
cases the phosphotungstate, which can be recrystallized from hot acidic 


* This investigation was supported in part by a research grant from the National 
Cancer Institute of the National Institutes of Health, United States Public Health 
Service, and in part by an institutional grant from the American Cancer Society. 
The results were presented in part at the meeting of the American Society of Bio- 
logical Chemists in Chicago, April, 1953. 
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aqueous alcohol (1), may be a suitable derivative. It offers the advantages 
of a large equivalent weight (2170), and nearly quantitative precipitation, 
but presents difficulties of analysis; 7.e., the Kjeldahl determination of 
nitrogen yields satisfactory results but is technically awkward because of 
the insolubility of the material.! Other means of removing ammonia than 
the use of relatively costly phosphotungstic acid were not investigated, 
To forestall difficulties in the subsequent precipitation of the sulfonium 
phosphotungstate only cations such as Nat that form soluble phosphotung- 
states should be introduced.” 

For reference, L-methionine methylsulfonium bromide was prepared via 
the phosphotungstate from the reaction of L-methionine, methanol, and 
sulfuric acid and its optical rotation determined. The procedure should 
prove of value in tracer studies involving methionine, since a solid deriva- 
tive is obtained relatively easily in a pure condition. 


EXPERIMENTAL 


L-Methionine Methylsulfonium Bromide—A mixture of 5 gm. of L-methi- 
onine, 2 ml. of methanol, and 35 ml. of 18 n H»SO, was refluxed for 30 
minutes. After dilution of the reaction mixture with 9 volumes of water, 
the methylsulfonium salt was precipitated by 75 gm. of phosphotungstic 
acid in 100 ml. of 1.8 N H,SQ,. The precipitate was separated by centrifu- 
gation and washed successively with 50 per cent ethanol, 95 per cent 
ethanol, and ether; yield, 68.9 gm. or 94.5 per cent of the theory. 

48.9 gm. of the phosphotungstate (22.5 m.eq. of N) were dissolved in 
200 ml. of 95 per cent acetone and 54 ml. of 1 m (C2H;),NBr added. After 
diluting with an equal volume of water, the resulting precipitate was 
filtered and washed with water. The filtrate which contained 49.6 mm of 
acid (theory for NH:-N and HBr, 45.0 mm) was neutralized to pH 6 with 
ammonia and concentrated in vacuo to semidryness. The residue was 
taken up in 6 ml. of water and methionine methylsulfonium bromide was 
precipitated by 200 ml. of ethanol. Yield, 4.25 gm. or 77 per cent of the 
theory; NH:-N, found 5.97 per cent, theory 5.74 per cent; Br, found 32.3 
per cent, theory 32.75 per cent; m.p. (decomposition), 133-134°. Re- 
precipitation by alcohol from aqueous solution (1 gm. per ml. of water and 
25 ml. of ethanol) led to 81.6 per cent recovery; NH2-N, 5.81 per cent; 


' See Toennies and Elliott (4) for several methods of analyzing phosphotungstates. 

2 Methionine may be converted to the methylsulfonium derivative in 1 to 2 n HCl 
solution by the slow addition of dimethyl sulfate at room temperature, thus elimi- 
nating Step 3 in the above procedure. However, the subsequent precipitation of 
the sulfonium phosphotungstate from hydrochloric acid solution resulted in very 
low yields. The question of the solubility of the phosphotungstate in amino acid- 
hydrochloric acid mixtures was not investigated further, since the procedure as 
described above was satisfactory. 
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ges | Br, 32.4 per cent; m.p. (decomposition), 138-139°; [a}*, +19.1° for 1.77 
gm. per 100 ml. of water, +27.2° for 1.499 gm. per 100 ml. of Nn hydro- 
of | chloric acid. t-Methionine methylsulfonium bromide is more hygroscopic 
of | than the pu derivative. 

an Casein—-A mixture of 200 gm. of Pfanstiehl casein, 200 ml. of water, and 
ed. 366 ml. of concentrated hydrochloric acid was heated on a water bath for 
im 95 hours until dissolved ((5) foot-note 6). The solution was then refluxed 


g- for 9 hours, concentrated in vacuo to remove hydrochloric acid, and diluted 
and decolorized with charcoal (volume 1280 ml.; analysis, Line 1 in Table 

ria 1). One-half of the solution was heated on the water bath, a hot solution 

nd of 300 gm. of phosphotungstic acid in 500 ml. of water was added, and, af- 

ld 

a- TABLE I 


Analysis of Protein Hydrolysates in Course of Isolation of Methionine As Methyl- 
sulfonium Salt 


| | Casein (100 gm.) Zein (100 gm.) 
li- Line | pageant “ ae: ae 
30 mn | Acid | NHN |MEtPio- Bromide! Acid | NHs-N |Methlo- \Bromide 
r sine — — —|— - ——- | —-—-} ——_| 
c | : mM mM mM | mM mM mM } mM mM 
, 1 | Hydrolysate 928 | 817 13.6 | 987 | 888 10.3*) 
2 | Phosphotungstate _ fil- | | 
it | trate... 781 | 458 | 12.1 1064 | 686 | 10.15 
3 | EtsNBr filtrate 11.2) 13.4) 25.6 | 20.8) 20.8) | 31.8 
| | 1 | | 
n —- —_— —_—_____— 


“Acid” indicates neutralization value to methyl red; ‘‘NH2-N” was obtained from 


. the results of the formol titration; methionine was estimated iodometrically (5). 

° * The estimation of methyl iodide evolved on hydriodic acid digestion indicated 

. the presence of 10.7 mm of methionine; no correction factor was employed. 

S ter heating for an additional half hour, the mixture was allowed to cool 

5 and stand overnight protected from light. The bulky precipitate was fil- 

p tered by suction and washed by suspending in 750 ml. of water containing 

20 gm. of phosphotungstic acid and 20 ml. of N HCl. The excess phospho- 
tungstic acid was removed from the combined filtrates by 20 ml. of N tetra- 

ethylammonium chloride, yielding a filtrate which had lost 44 per cent of 

the original amino nitrogen but only 11 per cent of the methionine (Line 2, 


Table I). The filtrate was placed in a 3-necked round bottomed flask 
equipped with a dropping funnel and concentrated in vacuo to about 100 
ml. 50 ml. of methanol and 150 ml. of 18 n H.SO, were then added and 
the distillation in vacuo continued until most of the hydrochloric acid was 
removed. The flask was then equipped with a take-off condenser and 
heated at atmospheric pressure for about an hour, the volume being re- 
duced in this time to about 150 ml. An aliquot was found to be free of 
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methionine; 7.e., the conversion to the methylsulfonium salt was complete, 
The solution was diluted to 2 liters (1.3 N H»SO,) and then heated on the 
water bath and the sulfonium salt precipitated by a hot solution of 50 gm, 
of phosphotungstic acid in 75 ml. of water. After cooling the precipitate 
was separated by filtration, washed with water (wash water became turbid 
when sulfate-free), then with ethanol (a considerable amount of the pre- 
cipitate dissolved), and finally ether; yield, after drying in air, 31.5 gm. 
The precipitate was treated with 120 ml. of 90 per cent acetone in por- 
tions and filtered with gentle suction. 

The residue amounted to 5 gm., leaving 26.5 gm. of methionine methyl- 
sulfonium phosphotungstate in solution, and, accordingly, 26 ml. of 1 
(C:Hs)4NBr (i.e. 1 ml. per gm.) were required and added to precipitate 
phosphotungstic acid. The resulting mixture, after dilution with 300 ml. 
of water, was allowed to stand until precipitation was complete; the pre- 
cipitate was filtered and well washed with water. The combined filtrate 
and washings (analysis, Line 3 in Table I) were neutralized to pH 5 with 
11.2 ml. of 1 M ammonia and decolorized by stirring with about 1 gm. of 
“carboraffin’’ at room temperature. The resulting colorless solution was 
evaporated in vacuo to about 20 ml.; the distillation was then continued to 
semidryness, methanol being admitted through a dropping funnel to aid in 
the removal of water. By rinsing out the flask with methanol (total vol- 
ume, 100 ml.) and adding 200 ml. of ethanol, 2.13 gm. of sulfonium salt 
were obtained, corresponding to 78 per cent of the preceding step and 64 
per cent of the original methionine present. The product was in a high 
state of purity; m.p. (decomposition), 137°; NH»-N, 5.83 per cent; Br, 
32.3 per cent; [a}??, +19.4° for 1.222 gm. per 100 ml. of water, +27.3° for 
0.977 gm. per 100 ml. of n hydrochloric acid; the product was sulfate-free. 

Zein—Treatment of zein in a similar manner (see Table I) yielded 1.9 
gm. of the sulfonium bromide that was contaminated with about 20 per 
cent ammonium bromide. This was recrystallized with satisfactory results 
by dissolving in 80 per cent methanol and precipitating with ethanol as 
follows: 1.4 gm. were dissolved in 10 ml. of 80 per cent methanol and 
decolorized by stirring with carboraffin at room temperature, with two 2.5 
ml. portions of 80 per cent methanol for washing after filtration. The 
addition of 15 ml. of absolute ethanol to the filtrate produced a turbid solu- 
tion that was seeded and allowed to stand at room temperature overnight. 
The crystalline precipitate amounted to 0.83 gm. or 45 per cent of the 
theory on the basis of the original precipitate; NH»-N, 5.86 per cent; Br, 
32.2 per cent; [al], +19.2° for 1.64 gm. per 100 ml. of water. 


3 This product is now available from Lurgi Gesellschaft fiir Warmetechnik m.b.H., 
Frankfurt-on-the-Main, Germany. 

4 Before use the charcoal is activated by heating nearly to glowing in an inclined 
test-tube. 
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SUMMARY 


A procedure is described for the isolation of methionine from protein 
hydrolysates in the form of its methylsulfonium salts. The method is 
based on the easy formation of methionine methylsulfonium salts and the 
distinctive solubility properties of the phosphotungstate which allow sepa- 
ration from other amino acids. For analysis, the phosphotungstate is con- 
verted to the bromide. Application of the procedure to casein and zein 
hydrolysates led to recovery of, respectively, 65 and 45 per cent of the 
methionine as L-methionine methylsulfonium bromide. This substance 
was also prepared from L-methionine and methanol in 50 per cent sulfuric 
acid and its optical rotation determined. 
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STUDIES ON THE FATTY ACID OXIDIZING SYSTEM 
OF ANIMAL TISSUES 


V. UNSATURATED FATTY ACYL COENZYME A HYDRASE 


By SALIH J. WAKIL anv H. R. MAHLER 


(From the Institute for Enzyme Research, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, July 27, 1953) 


The product of the first dehydrogenating step in the oxidation of fatty 
acids is an unsaturated fatty acyl CoA! derivative (1-4), while the sub- 
strate for the second dehydrogenating step is a 8-hydroxyacyl compound 
(1, 2, 5). The two oxidative enzymes are linked by an enzyme which 
catalyzes the reversible hydration of a,8- and 8,y-unsaturated fatty acyl 
derivatives of CoA (1), as shown in Reactions 1 and 2, 


(1) RCH.CH = CHCOSCoA + H.O = d-RCH:CHOHCH.COSCoA! 
(2) RCH = CHCH.COSCoA + H.O = d-RCH:CHOHCH:2COSCoA 


where R is H or an alkyl radical.? Since the enzyme preparation has been 
shown to catalyze Reaction 1 for all compounds tested from C, to Cy, and 
Reaction 2 at least for R = H, the name unsaturated fatty acyl coenzyme 
A hydrase is suggested. Recently Stern and del Campillo (6) have re- 
ported on the hydration of crotonyl CoA by extracts of ox liver and heart 
and they have suggested the name crotonase for the enzyme. The present 
communication deals with the purification and some of the properties of 
hydrase isolated from mitochondria of beef liver. 


Resulis 


Assay System—The hydrase reaction (No. 1 or 2) can be linked with 
the B-hydroxyacyl CoA dehydrogenase (1, 2, 5, 6) (Reaction 3). The 
combined reaction (No. 4) forms the basis of a spectrophotometric assay 
involving the measurement of DPNH at 340 mu. 


1 The following abbreviations will be used: hydrase, unsaturated fatty acyl co- 
enzyme A hydrase; DPN*, diphosphopyridine nucleotide; DPNH, reduced DPN?*; 
Tris, tris(hydroxymethyl)aminomethane; diol, 2-amino-2-methyl-1,3-propanediol; 
CoA or CoASH, coenzyme A; GSH, reduced glutathione. 

* Although the optical specificity has only been determined for the C, derivatives, 
where the d rotational isomer has been shown to be the substrate for Reactions 1, 
2,3, and 4, the type equations have been written as shown in the text in order to em- 
phasize that the enzymes are optically specific. In all cases tested, only half of the 
total concentration of a dl mixture is enzymatically reactive, but we have not un- 
dertaken a rigorous determination of the enzymatically active enantiomorph. 
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(3) d-RCHOHCH.COSCoA + DPN*+ — RCOCH:COSCoA + DPNH + H+ 
(4) Sum, (1) + (3) RCH = CHCOSCoA + H:O + DPN+t = 
RCOCH:COSCoA + DPNH + H+ 


The reaction mixture (1 ml.) contains 50 un of diol buffer, pH 9.0, 1 um of 
DPN*, 10 um of GSH, 0.2 unit of 8-hydroxyacyl CoA dehydrogenase, and 





0.400 











—_ L 1 





20 30 40 50 
TIME CMINUTES) 

Fic. 1. For Curves A and B, each cuvette contained 2 uM of DPN?*, 50 uo of diol 
buffer (pH 9.0), 0.2 um of acyl CoA, 4.0 um of GSH, and water to 1.0 ml. 0.2 unit 
of B-hydroxyacyl CoA dehydrogenase (J) was added at 0 time to both crotonyl CoA 
(Curve A) and isocrotonyl CoA (Curve B). At 3 minutes, 0.2 y and 40 y of hydrase 
(II) were added to crotonyl CoA and isocrotony] CoA respectively. All values 
were read against a blank containing no substrate. Temperature 25°. For Curve 
C, 0.20 um of vinylacetyl CoA, 20 um of diol buffer (pH 9.0), and water to 0.2 ml. 
were incubated with 80 7 of hydrase (specific activity 40) for 10 minutes at 25°. The 
enzyme was inactivated by heating at 100° for 5 seconds, and 30 uM of diol buffer 
(pH 9.0), 2 um of DPN*, and water to 1.0 ml., were added. The @-hydroxybutyryl 
CoA formed was assayed by the addition of 0.4 unit of 8-hydroxyacyl CoA dehydro- 
genase (hydrase-free) at 0 time; at point ZI 40 y of hydrase were added. Curve D, 
same as Curve C except that 0.1 um of crotonyl CoA instead of vinylacetyl CoA 
was used. 


0.2 um of crotonyl CoA. The reaction is started by addition of hydrase 
(Fig. 1, Curve A), and the change in optical density at 340 mu is measured. 
The hydrase concentration is adjusted to give a rate of optical density 
change at 340 my of 0.01 to 0.06 per minute. Within this range the rate 
is strictly proportional to enzyme concentration. It is also linear with 
time for the first 3 minutes. 1 enzyme unit is defined as the amount which 
leads to the reduction of 1.0 um of DPN+ per minute. Specific activity is 
defined as units per mg. of enzyme. 
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Purification 


Extraction and First Ammonium Sulfate Fractionation—The preparation 
of the acetone powder of beef liver mitochondria, its extraction (Frac- 
tion A), and the first ammonium sulfate fractionation of the extract (Frac- 
tion B) are carried out exactly as described in previous papers of this 
series (3, 7) (see Table 1). This and all subsequent purification steps are 
carried out at 0-2°, except as indicated. 

Second Ammonium Sulfate Fractionation—Fraction B is made 45 per cent 
saturated with respect to ammonium sulfate at pH 7.0, and the precipitate 


TaB_e I 
Purification of Hydrase 


Specific |Volume of 








Fractionation Step mg | activity* | fraction Protein | Total units ry 
ml. mg. | per cent 
Acetone powder extract. . A 2.5 3800 | 100,000f | 250,000 | 100 
Ist (NH,4)2SO, fractionation B 4 | 1000 41,000 | 164,000 65 
md“ . C 5.8 | 400 | 20,000 | 116,000} 46 
Gel eluate... . ste D 6.7 600 12,000 | 80,500 | 32 
3rd (NH,4)2SO, fractionation. .| E 8.4 75 4,000 | 33,600 13.3 
Heat treatment......... ) 15 200 1,800 | 27,000) 11.0 
Shaking with chloroform.. } 35 180 600 21,000 8.4 
4th (NH,4)2SO, fractionation 43 10 200 8,600 3.5 





* Units per mg. of enzyme. 
+ This corresponds to 400 gm. of beef liver mitochondria acetone powder or to 
7 kilos of fresh beef liver. 


is discarded. The supernatant fluid is brought to 65 per cent saturation 
with ammonium sulfate. The precipitate, collected by centrifugation, is 
dissolved in a minimal volume of 0.02 m KHCO; (Fraction C). 

Treatment with Alumina Cy Gel—Fraction C is dialyzed for 4 hours 
against 100 volumes of 0.02 m KHCO;. The protein concentration is then 
adjusted to 20 mg. per ml., and an amount of alumina Cy gel (8) is added to 
provide the same dry weight of gel as of protein. The gel is centrifuged 
and washed three times with 0.1 m phosphate buffer of pH 7.8. The gel is 
suspended in 5 volumes of 0.5 m phosphate buffer of pH 7.8 and centrifuged 
immediately. This process is repeated three times and the eluates are 
combined (Fraction D). The elution has to be performed as quickly as 
possible to prevent inactivation of the enzyme. 

Third Ammonium Sulfate Fractionation—50 gm. of solid ammonium sul- 
fate are added to each 100 ml. of Fraction D, and the precipitate formed is 
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centrifuged. The precipitate is taken up in 0.02 m KHCOs, and the final 
protein concentration is adjusted to 20 to 25 mg. per ml. The solution js 
fractionated with saturated ammonium sulfate at pH 7.0 in the usual 
manner. The fraction precipitating between 50 and 70 per cent of satura. 
tion with respect to ammonium sulfate is taken up in a minimal amount of 
0.02 m KHCO; (Fraction E). 

Heat Treatment—Fraction E is dialyzed for 2 hours against 100 volumes 
of 0.02 m KHCO;, 10 min GSH. The protein concentration is then ad- 
justed to 15 to 20 mg. per ml. and the solution is placed in a bath at 59° 
for 20 to 25 minutes with occasional stirring. The precipitate formed is 
removed by centrifugation. The supernatant solution (Fraction F) stil] 
contains 80 per cent or more of the total units of Fraction E. 

Chloroform Treatment—Fraction F is still contaminated by colored im- 
purities. In order to remove hematoprotein, the preparation is treated 
with chloroform by a procedure modified from that reported in the litera- 
ture (9, 10). Fraction F is mixed with 0.11 volume of alcohol (—18°) 
and 0.5 volume of chloroform (—18°) and the mixture shaken for } min- 
ute and then centrifuged. The upper, yellowish layer is syphoned off 
(Fraction G) and the remainder discarded. 

Alkaline Ammonium Sulfate Fractionation—Fraction G is fractionated 
with alkaline ammonium sulfate in the usual manner and the fraction 
between 55 and 65 per cent saturation is collected and dissolved in 0.02 
mM KHCO; (Fraction H). 


Properties of Hydrase 


Enzymatic Purity—Preparations of specific activity 35 or greater are 
free of the following enzymatic activities: fatty acid activating enzyme 
(7), butyryl CoA dehydrogenase (3), higher fatty acyl CoA dehydrogenase 
(1, 2), 6-hydroxyacyl CoA dehydrogenase (1, 2, 5), cleavage enzyme (11), 
malic dehydrogenase, and condensing enzyme (12). 

Kinetics of Reaction—Under the test conditions the reduction of DPN+ 
is zero order for the first 3 minutes and is proportional to enzyme concen- 
tration. The dependence of the rate of DPN+ reduction on the concen- 
tration of crotonyl CoA, trans-hexenoyl CoA, and vinylacetyl CoA is shown 
in Fig. 2. When the data are plotted by the reciprocal method of Line- 
weaver and Burk (13), straight lines are obtained and the apparent K, 
values’ are found to be 1.56 X 10~‘ m for crotonyl CoA, 6.18 & 10-5 m for 
trans-hexenoyl CoA, and 4.72 X 10-° m for vinylacetyl CoA. 

Specificity—The enzyme preparation has a wide range of action. Puri- 
fied preparations act on crotonyl CoA, trans-hexenoyl CoA, and in the 


3 Km’ is defined as the experimentally determined Michaelis-Menten constant 
(14), with all other reactants at standard assay conditions. 
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reverse directions on $-hydroxybutyryl CoA, 6-hydroxyhexanoyl CoA, 
shydroxyoctanoyl CoA, and 8-hydroxylauryl CoA. They do not catalyze 
the hydration of isocrotonyl CoA (the cis isomer), as shown in Fig. 1 
(Curve B). This indicates that the enzyme is specific for the trans isomers 
of the « ,8-unsaturated acyl derivatives. The only 8 ,y-unsaturated deriva- 
tive tested, vinylacetyl CoA, was acted on by the enzyme at a rate com- 
parable to that for the corresponding a,8 derivatives. 
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Fic. 2. Each cuvette contained 2 um of DPN*, 50 uM of diol buffer (pH 9.0), 4.0 
um of GSH, 0.2 unit of 8-hydroxyacyl CoA dehydrogenase, and water to a total vol- 
ume of 1.0 ml. Concentrations of substrates (Curve A = crotonyl CoA, Curve B = 
trans-hexen-2-oyl CoA, and Curve C = vinylacetyl CoA) were varied as shown. The 
reaction was started with the addition of 0.2 y of hydrase. Temperature 25°. 

Fic. 3. Each cuvette contained 1 um of DPN*, 50 uM of buffer (Tris for pH 7.0 to 
90 and diol for pH 9.0 to 10.5), 4.0 um of GSH, 0.2 unit of 6-hydroxyacyl CoA dehy- 
drogenase, and water to a total volume of 1.0 ml. The reaction was started with 
0.57 of hydrase. Temperature 25°. 


Variation with pH—The pH curve of hydrase (Fig. 3) shows an optimum 
in the alkaline region at pH 9.0. The measurements were made in the 
presence of an excess of 6-hydroxyacyl CoA dehydrogenase at all the dif- 
ferent pH values. The curve probably reflects the combined behavior 
for both hydrase and dehydrogenase. The rate in Tris is 85 per cent of 
that in diol at pH 9.0. 

Equilibrium Constant—Since Reaction 4 is the sum of Reactions 1 and 3, 
the equilibrium constant of Reaction 1 can be calculated from the measured 
equilibrium constants for Reaction 4, plus a- knowledge of the equilibrium 
constant of Reaction 3, measured independently.‘ If the equilibrium con- 


‘The equilibrium constant for Reaction 3 for C, acyl CoA equals 6.3 X 10-" M, 
and in the subsequent discussions the concentration of unsaturated acyl CoA refers 
to the sum of a,8- and 8,y-unsaturated acyl CoA. The initial concentration of acyl 
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stants for Reactions 1 and 2 (K,), Reaction 3.(Kaex), and Reaction 4 (K) 
are defined as follows, 


K [8-hydroxyacyl CoA] £ _ [6 ketoacyl CoA][DPNH] [H+] 


~ [unsaturated acyl CoA] [H.0] ” [B- hydroxy acyl Co! A][DPN*] 


[8-ketoacyl CoA][DPNH] (H*) 


”~ [unsaturated acyl CoA][H:0] [DPN*] 











then 


K 
r Kaa 
For the C, derivatives at 25° K is found to be equal to 1.78 X 10, K, 
equals 2.8 X 10-? X om“, and the ratio of d-hydroxy tothe total unsaturated 
acyl CoA derivatives is therefore equal to 1.58. The equilibrium constant 
can also be obtained by incubating either the hydroxy or the unsaturated 
acyl CoA derivative with hydrase and assaying for the 6B-hydroxy com. 
pound formed or remaining. The hydrase is inactivated either by heating 
at 100° for 5 seconds or by lowering the pH to 2 with perchloric acid and 
neutralization. Fig. 1 illustrates the results of experiments in which cro- 
tonyl CoA and vinylacetyl CoA were used as substrates. These direct 
measurements show a ratio of 8-hydroxy to unsaturated acyl CoA of 
1.40, and K, of 2.5 X 10- (vinylacetyl CoA, 25°). 

Product of Reaction—The optical specificity of the product of hydrase 
action, as shown in Reactions 1 and 2, rests on the following observations 
made with acyl CoA derivatives where R = H: (a) The highly purified 
8-hydroxyacyl CoA dehydrogenase is specific for d-6-hydroxybutyryl CoA 
(15, 1, 2); (6) the product of the enzymatic hydration of crotonyl CoA is 
acted upon by the dehydrogenase; (c) dl-6-hydroxybutyryl CoA is oxidized 
50 per cent by DPN* in the presence of dehydrogenase (neither the rate 
‘nor extent of this oxidation is increased by the addition of hydrase, nor 
is the inactive l-enantiomorph oxidized at all under these conditions). 
Reactions 1 and 2, however, would have the effect of racemizing the | 
isomer if the enzyme were devoid of optical specificity. Thus the product 
of the addition of water to crotonyl CoA may be considered to be d-8-hydrox- 
ybutyryl CoA. 

Presence of Thiol Groups—From the Fraction C stage of purification 
onward, the enzyme loses some of its activity if certain precautions are 
omitted. Full activity can, however, be restored by incubating the hy- 
drase with reduced glutathione or cysteine at 0°. At 0.1 m GSH concen- 
tration there is 100 per cent activation. GSH itself, however, does not 





CoA used is based on hydroxamic acid assay assuming an optical density at 540 mp 
of 0.180 for 0.25 4m in 1.0 ml. The activities of all components are taken to be equal 
to their total concentration except water which is 55.5. 
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seem to be involved in the enzymatic reaction, for, if it is removed by pro- 
longed anaerobic dialysis, the enzyme is still fully active. The enzyme is 
inhibited by 4.0 X 10 m iodoacetamide, 1.0 X 10-* m iodosobenzoate, 
and 1.0 X 10-* m p-chloromercuribenzoate to the extent of 50, 17, and 100 
per cent respectively. The p-chloromercuribenzoate-inhibited enzyme 
could not be reactivated either by GSH or by cysteine. At the concen- 
trations used p-chloromercuribenzoate does not split any of the S-acyl 
CoA derivatives used in this investigation. 


Materials and Methods 


Acyl CoA—The various acyl CoA derivatives are prepared either enzy- 
matically by action of the activating enzyme (7) or chemically by the re- 
action of the anhydride with CoASH (16). The CoA used was prepared 
from yeast according to the method of Beinert e¢ al. (17). 

Chemicals—All the reagents were commercial preparations, recrystal- 
lized when necessary. Vinyl acetate was a sample generously supplied 
by Dr. Barker. Isocrotonic acid was freshly prepared (18) and further 
purified by alcohol fractionation of the sodium salt. We are indebted to 
Dr. T. P. Singer for a gift of /-hydroxybutyrate. 

Spectrophotometry—All optical measurements were performed with a 
Beckman model DU spectrophotometer in 1.0 or 3.0 ml. quartz cuvettes 
with a 1 em. light path. 


SUMMARY 


A hydrating enzyme preparation specific for unsaturated acyl deriva- 
tives of CoA has been isolated and purified from beef liver mitochondria. 
This preparation catalyzes the hydration of a,6-unsaturated and £,y- 
unsaturated acyl CoA derivatives. It is specific for the trans isomer. 
At equilibrium, the ratio of 8-hydroxy to total unsaturated acyl CoA de- 
rivative equals 1.4 + 0.2. 

Hydrase can be activated with GSH and cysteine and is inhibited by 
p-chloromercuribenzoate, iodoacetamide, and iodosobenzoate. 


The authors are grateful to Dr. D. E. Green for many helpful discussions 
throughout this investigation, and to Dr. H. Beinert for his synthesis of 
the isocrotonate used. This work has been supported by a grant from the 
National Heart Institute, National Institutes of Health. Oscar Mayer 
and Company generously provided the beef liver used in this investigation. 
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UPTAKE OF GLYCINE-1-C* BY CONNECTIVE TISSUE 
I. EFFECTS OF ESTROGEN AND RELAXIN* 


By EDWARD H. FRIEDEN anv ALLOYS S. MARTIN 


(From the Arthritis Research Laboratory and the Cancer Research and Cancer Control 
Unit, New England Medical Center, Boston, and the Biological Laboratories, 
Harvard University, Cambridge, Massachusetts) 


(Received for publication, June 30, 1953) 


The connective tissue of the pubic symphysis of the female guinea pig 
undergoes a series of remarkable modifications during the estrus cycle and 
during pregnancy (1-3). Similar changes can be effected experimentally 
in the pubic symphysis of the castrated animal by appropriate treatment 
with steroid hormones and relaxin, making the symphysis especially suit- 
able for investigation of the effects of hormones upon the metabolism of 
connective tissue. This paper is concerned with the effects of estrogen 
and relaxin upon the rate of incorporation in vitro of C-labeled glycine 
into proteins. of symphyseal connective tissue. In addition, the effects of 
these hormones upon the endogenous oxygen consumption of connective 
tissue slices have been investigated. 


Methods 


A total of 75 guinea pigs was used in the experiments to be described. 
Forty-four of these were castrated animals which had previously been used 
for relaxin assay; these had been retired from the assay colony for periods 
of 1 month or more before beginning further treatment. Twenty-nine 
were castrated animals which were used no earlier than 2 months after 
ovariectomy. ‘Two were pregnant. 

Estradiol was injected intramuscularly in sesame oil solution; 0.1 ml. of a 
solution containing 20 y per ml. was used routinely. Progesterone was 
dissolved in sesame oil (10 mg. per ml.) and injected intramuscularly. 
Several different relaxin preparations were employed. One was a pregnant 
rabbit serum concentrate which contained 4 guinea pig units permg. The 
others were isolated from the ovaries of pregnant sows by methods already 
described (4) and contained from 30 to 100 guinea pig units per mg. Re- 
laxin solutions were prepared in isotonic saline and injected subcutane- 
ously every 4 hours. 


* Supported in part by research grants from the Division of Research Grants and 
Fellowships, United States Public Health Service, Bethesda, Maryland. Some of 
the material in this paper was presented at the meeting of the Federation of American 
Societies for Experimental Biology, April 14-18, 1952. 
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Each animal was killed by a blow on the head, and the symphyseal pad 
was removed, weighed, and sliced in a Stadie-Riggs slicer. The tissue ob. 
tained from one animal usually sufficed for a single experiment, but, ing 
few instances, the slices from two animals were pooled. The tissue slices 
were suspended in a small volume (1.0 to 2.2 ml.) of Krebs-Ringer phos. 
phate buffer containing carboxyl-labeled glycine.' The activity of the me. 
dium was usually between 0.11 and 0.55 ue. per ml., the glycine concentra. 
tion being kept constant at 1.1 ma by the addition of non-isotopic glycine, 
For measurement of oxygen consumption, slices were incubated in War. 
burg flasks containing KOH in the center well, with air as the gas phase, 
All experiments were performed at 37.0° and lasted either 2 or 4 hours. 

At the end of the incubation period, the slices were removed, blotted to 
remove adherent medium, and washed successively in isotonic saline, in | 
per cent non-isotopic glycine (5 minutes), and again in isotonic saline, 
They were then minced, homogenized in water or isotonic saline, and frae- 
tionated into water-soluble, alkali-soluble, and alkali-insoluble (‘‘collagen”) 
fractions as previously described (2). The proteins of the first two frac- 
tions were precipitated twice with 5 per cent trichloroacetic acid (TCA), 
and the precipitates were washed with a mixture of ether, chloroform, and 
ethanol (1:1:2), then with acetone, and finally plated from acetone onto 
tared filter paper by means of a Tracerlab stainless steel precipitation ap- 
paratus. The alkali-insoluble residues were washed twice with 5 per cent 
TCA, washed with the other solvents listed above, and plated in the same 
manner. The papers containing the protein samples were dried to con- 
stant weight and mounted on brass disks for counting. 

All samples were counted with a thin window Geiger-Miiller counter and 
associated scaling equipment, the absolute counting efficiency of which was 
about 4 per cent for C“. Except for the most inactive samples, counting 
was for a period sufficiently long to insure 5 per cent or better accuracy. 
All counts were corrected to a uniform sample thickness of 5.0 mg. per sq. 
cm. of protein. Self-absorption corrections were obtained from a specific 
activity-sample thickness plot for the pooled plasma proteins of guinea 
pigs which had been injected with labeled glycine 4 days before collection 
of the plasma. 

From the corrected specific activities and weights of each protein frac- 
tion, the total radioactivity incorporated during each experiment could be 
calculated. These data, and the known total glycine concentration in the 


' We are indebted to Dr. Paul C. Zamecnik and Mr. Robert B. Loftfield, of the 
Massachusetts General Hospital, for a generous supply of the glycine-1-C™ used for 
part of this study. Other samples of labeled glycine were obtained from Tracerlab, 


Inc., Boston, Massachusetts, on allocation of the United States Atomic Energy 
Commission. 
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medium, permitted the calculation of the average amount of glycine carbon 
incorporated per hour per gm. of tissue during the period of the experiment. 
No consistent differences have been observed between averages calculated 
for 2 hour incubation periods and those for 4 hour experiments. 








| estradiol, 25 


TaBLe I 
Incorporation in Vitro of Glycine-1-C™ into Guinea Pig Symphyseal Protein 
ary " ‘i Tx rege wW = 
e Activity of recovered protein A _ 
Z | Weight of | -£ [S5 | =x 
ad sees "| 3g ) £3! f 
57, | ss Water-soluble Alkali-soluble | Be Ss | 88 
0 = 2 |= . 
a c.p.m. c.p.m. —7 
mg. hrs. |weight, per |weight| per |weight| per |c.p.m. 
mg. | mg. mg. 
Cs.s| Colony diseard; | 184 (2)t} 4.0) 0.3 | 15 | 2.9| 4.1) 14.4 0.1 | 19 0.14 
untreated | | 
Es: | Colony discard; | 233 4.111.5| 75 | 7.1 | 39 31.0) 3.2 | 480 |3.1 
estradiol, 25 | 
days | 
Ry | Late pregnancy | 611 | 4.1) 3.1 | 73 |12.8 | 46 | 29.1) 4.8 | 951 |2.4 
Ry | Colony discard; | 444 | 4.2) 3.6 | 84 |10.9 | 47 | 37.7 2.8 | 916 3.0 


days; relaxin, 2 | | 
X 10 units | | | 
Rs: | Same as Guinea’ =| 560 | 4.2; 5.0 | 49 | 6.9 
Pig Rs | | | | 
Ese | Colony discard; 245 | 3.9) 1.0 | 0 |6.8| O | 18.8'0.0| 0 0.0 





estradiol, 25 





days 
Ry | Early pregnancy | 200 | 3.7) 1.0 0 | 4t | 24.1) 0.0 4 0.03 


Each vessel contained a total of 2.33 um of glycine and 38,200 c.p.m. Slices from 
Guinea Pigs E;2 and Rg; were incubated with nitrogen as the gas phase; the others 
were in air. 

* Micromoles of glycine carbon incorporated per gm. of tissue per hour (average 
during period of incubation). 

t Slices from two animals were pooled. 

t The sample was not weighed; the value is the total count found. 


Results 


Complete data for a typical experiment are illustrated in Table I. For 
convenience, the bulk of the data is presented graphically (Figs. 1 to 4). 
Each bar represents the results for a single experiment, its height indicating 
the average incorporation rate as defined above. 

Effects of Estradiol—It is apparent from the data of Table I and Fig. 1 
that, although the symphyseal connective tissue of the castrated guinea 
pig is relatively inert with respect to both glycine incorporation and oxygen 
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consumption, stimulation by estradiol results in a pronounced increase jp 
both. Incorporation rates observed for tissues obtained from untreate 
animals average less than 20 per cent of those found with slices from guing 
pigs which had received estradiol for periods of 1 to 8 weeks. (Averages 
for untreated castrates, 0.52 + 0.24; for estradiol-treated, 2.8 + 0.13.) The 
stimulation of incorporation rate after but 1 week’s treatment with estra. 
diol is essentially maximal; 1 week after withdrawal of estrogen a meas. 
urable decrease is apparent; and the castrate level is restored after about 
another week. Fig. 1 also includes, for comparative purposes, @ summary 
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Fic. 1. Effect of estradiol treatment upon the rate of incorporation of glycine-l- 
C'* into proteins of guinea pig symphyseal tissue. Each bar represents the results 
of an experiment with tissue from one (in a few instances two) animal. Ordinate, 
average hourly incorporation rate (in micromoles (X 100) of glycine carbon incor- 
porated per gm. of tissue) during 4 hours. The proportions of activity found in the 
water-soluble, alkali-soluble, and residue protein are indicated by unshaded, di- 
agonally shaded, and black areas, respectively. (When no diagonally shaded areas 


are shown, the first two fractions were combined and are indicated by the unshaded 
area.) 


of results with liver slices from guinea pigs which had received injections 
of estradiol for a prolonged period ending 1 week prior to the experiment. 

Effects of Relaxin—In earlier studies of the effects of relaxin upon the 
gross chemical composition of symphyseal tissue (2), evidence was obtained 
which suggested that this hormone exerted a “degradative” effect upon the 
fibrous proteins, since a net decrease in the absolute amount of the alkali- 
insoluble protein fraction was found to occur upon relaxation of the sym- 
physis. To explore the possibility that the effect of relaxin might be re- 
flected in the equilibrium between such proteins (largely collagen) and 
their precursors (which would result in a significant difference in the pro- 
portion of total incorporated activity to be found in the alkali-insoluble 
fraction), the rate of incorporation of isotopic glycine into slices of sym- 
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physes of relaxed animals was compared with that for estrogen-treated 
entrols. As shown in Fig. 2, there was no apparent change in the distri- 
bution of recovered activity among the three protein fractions after re- 
jaxation, nor was the measured incorporation rate significantly changed. 
It should be noted, however, that one of the most characteristic effects of 
relaxin upon the symphysis pubis of the estrogen-primed guinea pig is a 
rapid imbibition of fluid and consequent increase in total tissue weight. 
The experiments summarized in Fig. 2 include data for six guinea pigs of 
smilar size and nearly identical treatment histories; the connective tissue 
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CONTROLS RELAXED 


Fic. 2. Incorporation of glycine-1-C' into symphyseal proteins from unrelaxed 
and relaxed guinea pigs. All animals had received 2 y of estradiol daily for 6 to 8 
weeks before the experiment. Relaxed animals were given two injections of 10 
guinea pig units of relaxin at 4 hour intervals, and autopsies were performed 4 hours 
after the second injection. Ordinates and shading as in Fig. 1. 


pads from the relaxed animals, however, averaged about 60 per cent heavier 
than those of the estrogen-treated controls. That the specific incorpora- 
tion rates found for the latter did not reflect the effect of dilution with fluid 
suggested that relaxin might be exerting an effect upon the incorporation 
process independently of the estrogen effect. (Since relaxin-treated ani- 
mals were killed 4 hours after the second of two injections of relaxin, it is 
unlikely that hyperplasia would be sufficiently extensive to account for the 
apparent increase.) 

The effect of relaxin in the absence of prior estrogen treatment was stud- 
ied in several groups of animals. Some of these had been injected with 
estrogen for several weeks to build up sizable amounts of tissue; in these 
instances, estrogen treatment was discontinued 2 weeks before the experi- 
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ment (Fig. 3). In other experiments (Fig. 4), animals which had never 
been subjected to estrogen treatment, or which had received no estrogen 
for 2 months or more, were used. It is clear that relaxin does, in fact, 
stimulate glycine incorporation in an otherwise metabolically inert sym. 
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Fic. 3. Incorporation of glycine-1-C'4 into symphyseal proteins of relaxin-treated 
guinea pigs. All animals had received 2 y of estradiol daily for 3 to 8 weeks. Estro- 
gen was withdrawn 2 weeks before the experiment. The indicated daily dose of 
relaxin was given in three injections. Ordinates and shading as in Fig. 1. 
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Fia. 4. Incorporation of glycine-1-C™ into symphyseal proteins of relaxin-treated 
guinea pigs. All animals were ovariectomized 2 months before the experiment. 
Ordinates and shading as in Fig. 1. 
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physis, since significant increases were obtained with as little as 2 guinea 
pig units of relaxin daily for 4 days. Although there are some indications 
that relaxin administration also increases oxygen consumption, the data are 
not sufficiently extensive to permit a decision on this point. It should be 
pointed out that the effects of relaxin in these experiments cannot be at- 
tributed to contamination by estrogen, as indicated by the fact that in none 
of these animals did relaxation occur. Furthermore, independent assays 
of the preparations used (in ovariectomized rats) confirmed the absence of 
estrogen in detectable quantity. 

In the course of the work described here, advantage was taken of the 
availability of a group of guinea pigs which had received progesterone (3.0 
mg. per day) for 9 days following brief periods of estrogen treatment. 
Small, but significant, increases in incorporation rate were noted. The 
effects of progesterone in these animals may have been due to the formation 
of small amounts of relaxin by tissues of the reproductive tract (5), rather 
than to the effect of progesterone per se. 

Nature of Incorporated Activity—Incorporation of isotopic glycine into 
symphyseal protein is completely inhibited by dinitrophenol at 6.7 * 10~ 
a; replacing air in the gas phase by nitrogen likewise reduces incorporation 
to zero (Table I). In one experiment, the symphyseal connective tissue 
of a relaxed animal was removed and stored overnight in the deep freeze. 
It was then sliced, and the slices were incubated in medium containing iso- 
topic glycine. The protein fractions subsequently isolated were found to 
be completely inactive. 

When samples of labeled protein isolated as described above are treated 
with ninhydrin at pH 4.6, no radioactive CO: is evolved. After acid hy- 
drolysis, however, the radioactive component of all three fractions is con- 
verted to CO, by ninhydrin.2 That the radioactivity of the water- and 
alkali-soluble protein fractions is due to peptide-bound glycine is indicated 
by these facts and by the results of studies of the chromatographic be- 
havior of their hydrolysates. Paper chromatography of a sample of the 
hydrolysate in two different solvents (butanol-acetic acid-water and phe- 
nol-water) revealed only a single radioactive spot. Under the same con- 
ditions, chromatograms of a mixture of hydrolysate and labeled glycine 
also showed a single active area. For each solvent, the Ry of the active 
component of the hydrolysate and that of the mixture were identical. 

When a sample of the labeled protein hydrolysate was subjected to ion 
exchange chromatography on Dowex 50, 75 to 80 per cent of the total 


* Three samples of radioactive water- and alkali-soluble symphyseal protein, after 
acid hydrolysis and ninhydrin treatment, gave 98, 138, and 107 per cent recoveries of 
the original activity as BaCO;. Corresponding figures for two samples of radioactive 
alkali-insoluble protein were 104 and 135 per cent. 
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radioactivity was recovered as a single peak, the position of which approxi- 
mated very closely the expected point of emergence of glycine under the 
conditions employed. Unequivocal identification of this peak as glycine 
was accomplished by chromatographing, on the same column, a mixture 
of hydrolysate and labeled glycine (Fig. 5). The small amount of activity 
(about 10 per cent of the total) emerging ahead of the glycine peak appears 
to be due to either serine or threonine. 
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Fic. 5. Chromatograms of hydrolysates of radioactive symphyseal protein on 
Dowex 50. Solid line, sample of hydrolysate containing 300 c.p.m. of C'; broken 
line, sample of hydrolysate (300 ¢.p.m.) to which had been added 350 c.p.m. of gly- 
cine-1-C'*, Column size, 8 X 450 mm.; fraction volumes, 0.8 ml. 








DISCUSSION 


The action of estrogen upon the symphysis pubis of the castrated guinea 
pig is accompanied by moderately rapid growth of the connective tissue 
of the symphysis pubis, such that a 100 to 200 per cent increase in weight 
occurs within 2 to 3 weeks. Microscopically, the effects of estrogen are 
characterized by replacement of cartilage by loose fibrous connective tissue. 
The action of relaxin has heretofore been assumed to be confined to de- 
polymerization of the ground substance and consequent disaggregation of 
the fibrous elements of the estrogen-sensitized symphysis, an effect. which 
occurs within 6 to 12 hours after the injection of relaxin. In some of 
the experiments described herein, however, symphyseal connective tissue 
weights were observed to increase 50 to 100 per cent during administration 
of relaxin for 4 days (10 to 100 guinea pig units per day) to guinea pigs 
not previously sensitized with estrogen. 

Our incorporation studies indicate that growth of symphyseal connective 
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tissue 7m vivo is reflected in a concomitant increase in the rate of glycine 
incorporation in vitro. Treatment with either estrogen or relaxin serves 
to stimulate both processes. Correlation of rates of amino acid uptake 
in vitro with increased growth rate of functional activity in vivo has pre- 
viously been described for several kinds of tissue (6-9). Extension of such 
correlations to a connective tissue structure under the control of steroid 
and other hormones provides support for the conclusion that the processes 
of incorporation of amino acids in vitro are subject to regulatory mechanisms 
similar to those which govern normal protein synthesis in vivo. 

Two other aspects of the work deserve comment. The first concerns 
the magnitude of the incorporation rates which were observed. For estro- 
gen- or relaxin-stimulated tissues, these ranged from 0.005 to 0.084 um per 
gm. of tissue per hour (average during 4 hours); the average rate for 1 week 
or longer of continuous estrogen treatment was 0.028 um. Under roughly 
comparable conditions, glycine is incorporated into rat diaphragm or liver 
slices at rates ranging from 0.0056 to 0.020 um per gm. per hour (10). 
Our data for guinea pig liver slices lie within this range, the average for the 
two experiments of Fig. 2 being 0.0075 uo (after correction for the amount 
of TCA-precipitated protein actually obtained so as to permit comparison 
with the data of Krahl (10)). 

The data thus indicate that the over-all incorporation rates displayed 
by slices of connective tissue from estrogen-treated guinea pigs are, on the 
average, substantially higher than those found for liver and diaphragm. 
In point of fact, the large amount of extracellular protein in the symphyseal 
slice (up to 70 per cent; cf. (2)) has the effect of masking what would un- 
doubtedly be an even greater difference were it possible to make compari- 
sons on the basis of incorporation rates per cell. The low Qo, values for 
stimulated tissues, for example, may be looked upon as an indication of 
the relatively low metabolic level when expressed in terms of total tissue 
weight. It would thus appear that the estrogen- or relaxin-stimulated 
fibroblast possesses the ability to incorporate glycine at a rate which com- 
pares favorably with that of those tissues which have been shown to be 
most active in this respect; 7.e., fetal and malignant tissue. 

Finally, it is of interest to note that appreciable proportions (10 to 20 
per cent) of the total incorporated activity of the connective tissue slice 
are to be found in extracellular protein; 7.e., in the alkali-insoluble fraction. 
However, the fact that essentially all of the radioactivity of the alkali- 
insoluble fraction, together with about 10 per cent of the total nitrogen, 
is removed by digestion with trypsin, indicates that in vitro labeling of col- 
lagen does not occur under the conditions of these experiments. Incom- 
plete data suggest that the radioactivity of such digests, which is insensi- 
tive to ninhydrin, may be largely confined to a single peptide containing 
eight or nine different amino acids. 
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SUMMARY 


Connective tissue slices from the symphysis pubis of castrated guineg 
pigs incorporate glycine-1-C™ at very low rates and display negligible Q, 
values. After treatment with estradiol for 1 week or longer, both oxygen 
consumption and incorporation rate rise sharply. The radioactivity in. 
corporated into slices of connective tissue from estrogen-treated animals 
is distributed among the water-soluble, alkali-soluble, and alkali-insoluble 
(“collagen”) fractions. 

Despite their considerably greater fluid content, symphyseal connective 
tissue slices from relaxed animals incorporate labeled glycine at rates es. 
sentially indistinguishable from those of estrogen-treated controls. Re- 
laxin appears to stimulate both growth and glycine uptake in the absence 
of prior estrogen treatment, even though relaxation does not occur un- 
der these conditions. 

Corrected for extracellular protein content, specific incorporation rates 
of estrogen- or relaxin-stimulated tissues compare in magnitude to those 
observed for embryonic and malignant tissue. 
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OBSERVATIONS ON THE BOUND FORM OF VITAMIN Bi 
IN HUMAN SERUM* 


By W. R. PITNEY, MARION F. BEARD, anp E. J. VAN LOON 


(From the Section of Hematology, Department of Medicine, University of Louisville 
School of Medicine, and the Medical Research Laboratory, Veterans 
Administration Hospital, Louisville, Kentucky) 


(Received for publication, July 30, 1953) 


The vitamin By: which is normally present in the circulation exists pri- 
marily in combined form as a labile complex with serum protein. Free 
vitamin By is split off from this complex when the proteins are denatured 
by heat (1). A microbiological assay technique which uses the green alga, 
Buglena gracilis (2), as a test organism is able to distinguish between free 
and bound forms of the vitamin in serum (3). This organism is only stimu- 
lated to growth in the presence of free vitamin Biz. When human serum 
js assayed without preliminary heating, there is usually very little growth. 
Growth is much more active if the serum is heat-denatured before the vita- 
min By. content is assayed. The difference between the heated and un- 
heated preparations enables the concentration of vitamin By». existing in 
the bound form in serum to be calculated. 

There is evidence to show that one effect of binding is the prevention of 
loss of the vitamin from the body through the kidney. It has been demon- 
strated (4, 5) that, following parenteral injection of crystalline vitamin By. 
to patients with pernicious anemia in relapse or to normal individuals, 
there is a rapid rise in serum concentration of both the free and bound form 
of the vitamin. During the period of time that the concentration of free 
vitamin in the serum is elevated, there is increased urinary excretion of 
free vitamin. With doses greater than 80 y, the major part of the dose 
can be recovered within a few hours in the urine (5). These observations 
suggest that the capacity for serum to bind vitamin B, is limited. 

Because of the apparent importance of the phenomenon of vitamin B,>» 
binding, it was decided to use serum in experiments in vitro. The total 
binding capacity of serum following the addition of crystalline vitamin 
Bi. was determined and the paper electrophoretic technique was used to 
demonstrate the location of the binding in serum. 


* This investigation was supported in part by a grant from the National Insti- 
tutes of Health, Bethesda, Maryland, and in part by a grant from The Squibb Insti- 
tute for Medical Research, New Brunswick. 
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Methods 
Microbiological Assay for Vitamin By» 


All vitamin Bi. serum concentrations have been determined with F 


gracilis as a test organism. ‘The technique used was exactly that described 
by Ross (3). 


Paper Electrophoresis 


Paper strip electrophoresis (6) was performed in triplicate, with 0.1 ml, 
of serum on Whatman No. 1 MM paper, 1} inches wide and 17 inches long, 
and barbital buffer of 0.1 ionic strength at pH 8.6. The current was ad- 
justed so that the albumin would migrate 12 to 14 em. in 7 to 12 hours, 
The strips were air-dried and one of the replicates was stained with aleo. 
holic brom phenol blue (7) to bring out the protein bands. The unstained 
replicates were then marked and cut into sections containing the albumin, 
a-l-, a-2-, B-, and y-globulin fractions, with the stained strip as a guide, 
The fractions were then assayed for their content of vitamin By». 

Because of the relatively large volume of serum (0.1 ml.) that had to be 
applied to the paper in order that a sufficient amount of vitamin By be 
available for assay, the protein bands were not as clearly defined as they 
usually are when the normal amount of serum is used in paper electrophore- 
sis. There was some slight slurring of the bands in spite of adjustments 
to the technique. 

Each piece of paper was placed in a separate test-tube to which was 
added a double quantity (8 ml.) of single strength medium (3). The tubes 
were then heated for 15 minutes in a boiling water bath to liberate the vita- 
min By from the paper. The type of paper used withstood this treat- 
ment well and there was very little disintegration noted after the tubes 
had been cooled. The assay for Euglena is standardized; therefore it is 
‘usual to determine the final vitamin By. concentration of a 4 ml. volume of 
serum-medium mixture. 4 ml. volumes were therefore pipetted from the 
tubes containing the papers and placed in sterile plugged tubes. Dilutions 
of crystalline vitamin By. were added to the basal medium to make up 
standard 4 ml. volumes, whose concentration of the vitamin ranged from 
1.25 to 50 wugm. per ml. After heating in a boiling water bath for 15 
minutes, all tubes were inoculated from a vigorously growing stock culture 
of Euglena. At the end of the 7 day incubation period, a standard growth 
pattern curve was prepared by plotting the colorimetric readings of the 
standard tubes against the logarithm of the concentration of vitamin By. 
From this curve, the final concentration of vitamin By. in the tubes con- 
taining the extracts from the papers could be estimated. As the vitamin 


' Dr. Pitney is grateful to Dr. Ross for instruction in this technique while working 
at the Postgraduate Medical School of London during 1952. 
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By in these tubes was derived from the electrophoretic fraction of 0.1 ml. 
of serum diluted to 8 ml., the concentration assayed multiplied by 80 gave 
EB the amount of vitamin By. per ml. of serum, which was located in the frac- 
bed ftom being tested. Sera, for which electrophoretic fractions were being 
assayed, were always tested whole for their content of bound and free 
vitamin By in the same batch. 
TABLE I 
ut Binding Capacity of Thirteen Normal Sera in Vitro after Addition of 1000 
a pugm. of Crystalline Vitamin Bi. to 1 MI. of Serum 
ad. ats mess ans 4 
ur, |_| Vitamin Bis concentration | ,Witami Buscopormtration | tamin| Added vitamin 
leo- Serum No. a Biz recovered | Biz recovered 
ned | Total | Bound Free Total Bound Free 
nun, a upgm. uugm. | wugm. mugm. | pygm. mugm. 
ide. per ml. | per ml. | perml.| per ml. | per ml. | per ml. mug. per cent 
1 132 132 0 680 304 376 548 54.8 
sie 2 280 206 a 928 336 592 648 64 8 
3 460 384 76 1024 | 456 | 568 564 56.4 
» be 4 | 200 | 20 | 0 | 760 | 304 | 456 550 55.0 
hey 5 166 166 0 688 224 | 464 522 52.2 
yre- 6 122 122 0 624 312 | 312 502 50.2 
nts 7 224 152 72 800 | 272 | 528 576 57.6 
8 148 148 0 576 576 0 428 42.8 
9 130 130 0 688 208 | 480 558 55.8 
was 10 146 146 0 704 | 256 | 448 558 55.8 
bes 11 200 | 200 0 800 | 480 320 600 60.0 
ita- 12 124 124 0 592 320 272 468 46.8 
i 13 188 188 | 0 | 688 | 320 | 368 500 50.0 
bes 4 
is Results 
> of 
the Vitamin B,2 Concentrations of Normal Sera 
ons The total vitamin B,. concentration of thirteen normal sera was found 
up to vary from 122 to 460 wugm. per ml. with a mean value of 195 uwugm. per 
om ml. In ten of the thirteen sera, all the vitamin B,2 was estimated to be in 
15 the bound form. In the other three, small amounts of free vitamin were 
ure present (Table I). The range of concentration of bound vitamin in these 
th sera was from 122 to 384 uugm. per ml. with a mean value of 178 yugm. 
the | per ml. 
319. 
mn- Serum Concentrations of Bound Vitamin By, after Addition of Crystalline 
nin Vitamin to Serum 
ing To 1 ml. volumes of the above normal sera, 1000 yugm. of crystalline 
vitamin By: in 1 ml. of water were added. The mixtures were allowed to 
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stand under conditions varying from 20 hours at 23° to 2 hours at 37° 
The sera were then reassayed for their content of bound vitamin By. This 
was found to vary from 208 to 576 uugm. per ml. with a mean value of 
336 wygm. per ml. (Table I). 

Normal serum, therefore, has a limited capacity to bind added vitamin 
Bi, the mean bound concentration increasing from 178 to 336 yugm. per 
ml., after the addition of 1000 uugm. of crystalline vitamin. In most of 
these sera, after the addition of vitamin B,2, more vitamin was assayed as 
free than as bound. With the exception of Serum 8, the range of free vita. 
min in the mixtures was from 272 to 592 wugm. per ml. The mean value 
of the whole group was 399 uugm. per ml. 

Percentage of Recovery of Added B,,—In the above experiments, the re- 
covery of added vitamin B,: was incomplete. This failure to recover quan- 
titatively the added vitamin has been a constant feature in all experiments, 
When vitamin B,2 in comparable concentration is added to water and incu- 
bated along with the sera as a control, approximately 90 per cent of the 
added vitamin can be recovered by the assay technique. 

To investigate the possibility that the heating of the serum may have 
been insufficient to liberate all the vitamin B,. bound to protein, the total 
vitamin B,2 concentration of two sera were estimated after (a) the routine 
procedure of immersing the serum-medium mixture in a water bath at 100° 
for 15 minutes, (b) vigorously boiling the mixture for 20 minutes, and (c) 
autoclaving the mixture at 15 pounds pressure for 15 minutes. To 1 ml. 
aliquots of the same (untreated) sera, 1000 uugm. of crystalline vitamin 
Biz were added, and, after incubation at 37° for 2 hours, the total vitamin 
Biz concentration was estimated after similar heating treatments. The 
results are shown in Table II. There was no significant difference in the 
assayed concentrations from these three heating treatments, of either the 
sera alone or sera with added vitamin By. Again recovery is imperfect. 

The possibility was considered that there may be an inhibitor present 
in normal serum which will inactivate vitamin By, and so render a lower 
assayed concentration than would be expected. The recovery of vitamin 
By. added to two normal sera before and after they had been inactivated 
at 56° for 1 hour was investigated. Table III shows no significant differ- 
ence in concentrations obtained. 


Addition of Increasing Amounts of Vitamin B,2 to Normal Serum 


Increasing amounts of crystalline vitamin B,. ranging from 50 to 1000 
uugm. were added to 1 ml. aliquots of two normal sera. The sera were 
then incubated at 37° for 2 hours and each aliquot was assayed for its 
bound and free concentration of the vitamin. The results obtained are 
shown in Table IV. In both sera, the free vitamin concentration increased 
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rapidly when amounts of crystalline vitamin greater than 500 yugm. were 
added. 


Results of Electrophoretic Separation of Normal Serum 


Table V shows the vitamin B,2 concentration of serum fractions from ten 


normal sera and demonstrates that the a-globulin fractions are the primary 


TaBLe II 
Vitamin By. Concentration of Normal Sera 
The concentration was estimated after subjecting the serum-medium mixture 
to the following heating treatments: (A) boiling water bath for 15 minutes, (B) 
mixture vigorously boiled for 20 minutes, (C) autoclaving at 15 pounds pressure for 
15 minutes. 








Serum 9 | Serum 10 








| Total vitamin Biz 
concentration after 
addition of 1000 





| Total vitamin Biz 
| concentration after ° 
Total vitamin Biz | addition of 1000 | Total vitamin Biz 





concentration | mugm. crystalline | concentration pugm. crystalline 
vitamin By to | vitamin Biz to 
1 ml. serum | 1 ml. serum 
Y | es. oe al. pugm. per ml. a. per al. a a. per ml. 
Treatment A.... ; 130 688 146 704 
” ee 140 624 146 704 
"= ae 116 704 | 132 720 
Taste III 


Vilamin B,2 Concentration of Normal Sera after Addition of Vitamin By. 
1000 uugm. of crystalline vitamin B,2 were added to 1 ml. of fresh serum and 1 ml. 
of serum heated to 56° for 1 hour. 








| 
} A . - | Estimated concentration | Estimated concentration 
Serum No. eS Se | after addition of vitamin Biz| after addition of vitamin 
= to fresh serum Biz to inactivated serum 
= . (ete ae EBS, Pas 
pugm. per ml. pugm. per ml. pugm. per ml. 
9 | 130 | 688 768 
| 
10 146 704 640 





source of the bound vitamin. In most instances, the amount of vitamin 
recovered from the strips was in fair agreement with the assayed concen- 
tration of bound vitamin in the whole serum. Usually somewhat less was 
recovered from the strips. The presence of detectable vitamin By activity 
in albumin and £-globulin fractions in some sera is considered probably due 
to technical imperfections in the method of separating this large quantity 
of serum on paper. 
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A purified preparation of normal serum albumin, donated by the Ameri. 
can Red Cross, was assayed for its vitamin Bi: content in 5 per cent dilu. 
tion. No activity could be detected. After the addition of 500 yugm. of 
crystalline vitamin By. to 1 ml. of the preparation, and incubation at 37° 
for 2 hours, it was estimated that 100 uugm. only of the added vitamin had 


TABLE IV 


Vitamin By. Concentration of Normal Sera after Addition of Varying 
Amounts of Crystalline Vitamin By». 











Serum 1 Serum 2 
Crystalline vita- _ alll 
min Biz added | toate. | se 

to 1 ml. serum | Total vitamin | Bound _| Free concen- bs my — | Bound Free 

paw my | concentration | tration phe | concentration | concentration 
oe Sa Oe . SSR, EE ie 

uugm. | mugm. per ml. | pugm. per ml. | mgm. per ml. | upgm. per ml. | wugm. per ml. wugm. per ml. 

o | 92 | 92 CO 0 230 | 226 | 74 

50 122 122 0 360 260 | 100 

100 «=6| = (156 116 40 430 | 338 92 

150 | 170 120 50 452 328 124 

200 212 152 60 720 558 162 

300 256 152 104 656 456 200 

500 336 152 184 728 496 232 

1000 680 304 376 928 336 592 


TABLE V 


Vitamin B,2. Concentration of Electrophoretic Fractions of Normal Serum 
and Whole Serum Estimated Simultaneously 


The electrophoretic strips from three sera were estimated in duplicate. The 
figures are in micromicrograms per ml. 


Whole serum 


Serum Ss —— i a@-1-Globulin | a-2-Globulin B-Globulin | +-Globulin 
A 460 | o | 312 | 124 0 
B | 14s | 100 | 216 0 | oO 

} | 140 | 0 0 | 104 0 | 0 
D | 9% «| 0 | 0 | 112 S i. 4 
s |-m | 108 | 80 . ts 
F | 180 | 0 116 =6| = 108 80 0 
G 320 | 0 | 140 | = 136 80 0 
H | 212 | oe 0 0 

| o | 100 | 0 0 0 

I a 0 | 1244 | 120 0 0 
0 120 | 132 0 0 

J | 420 | oO | 128 | 216 0 0 
| oO | 128 | 216 0 0 
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been bound. This is in agreement with the above results found on electro- 
phoretic separation. 

The results show that the vitamin By activity is distributed through 
both a-1- and a-2-globulin fractions. In some sera there was more vitamin 
By present in the a-l-globulin fraction; in other sera there was greater 
activity in the a-2-globulin fraction. There is no constant pattern. 

The oil red O stainable fractions are not concerned in vitamin By bind- 
ing. Fractionation was carried out on two sera, one with a normal lipide 
content and the other showing a high concentration of lipoprotein. One 
strip from each serum was developed with brom phenol blue, and a second 


TaBLe VI 


Vitamin By. Concentration of Electrophoretic Fractions of Normal Sera and 
Whole Sera 


The concentrations were estimated simultaneously before and after the addition 
of 1000 uugm. of crystalline vitamin B;, to 1 ml.of serum. The figures are in micro- 
micrograms per ml. 























Whole serum Concentration electrophoretic 

concentration fractions Total 

= necitigien : vitamin Bio 

Serum iis | ae 2- | ite recovered 

Total |Bound| Free |, AE | Glob- | Glob- | Glob- | Glob- ae 

ulin | ulin ulin ulin 

NN ost <0 5) a-n 9.0 ales 84 84 0 0 | 40 | 0 0 | 40 
“ 4+ vitamin By..... ...| 544 | 288 | 256 0 80 | 520 | 232 | 0 832 
I Basa ia | 86| 86} O| 0} 80} O| O| O| 80 
“+ vitamin Bie... | 680 | 192 | 488} 0 | 0 | 268 | 424| 100| 792 
Se ..| 140 140 | 0 0 | 0 | 108 | 0 0; 108 
“ + vitamin Bus... | 536 | 240 | 206 | 80 | 100 | 448 | 206| 0 | 924 





strip was stained with the lipide stain, oil red O (8). In both sera, the 
main lipide band coincided with the §-globulin fraction when the strips 
were overlayed. Assay of the papers for their vitamin By. content showed, 
however, that the vitamin By: activity was in the a-globulin fraction only. 


Results of Electrophoretic Separation of Normal Sera Containing Added 
Amounts of Crystalline Vitamin Bis 


The vitamin B,2 concentrations of three normal sera were estimated both 
before and after the addition of 1000 uugm. of crystalline vitamin and in- 
cubation as above. Paper electrophoretic strips of these preparations were 
also prepared, and the fractions assayed by the technique previously de- 
scribed. The results are shown in Table VI. Assay of the serum-vitamin 
Bi: mixtures gave results similar to those in Table I. Binding of the added 
vitamin was incomplete. Considerable free vitamin was present and the 
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total recovery of added vitamin was not quantitative. Results of electro. 
phoretic separation show that the major part of the added vitamin was 
recovered in the a-globulin fractions. The effect of flooding is also noted 
in that the vitamin was also found in the other fractions. It is interesting 
to note that the amount of vitamin assayed in the 6-globulin fractions com- 
pares with that found as free vitamin in assay of the serum-vitamin B,, 
mixtures. Recovery of added vitamin was more complete from the strips 
than from preparations assayed whole. Thus from strips 792, 712, and 
816 uugm., respectively, of the added 1000 uugm. were recovered; the cor- 
responding figures for preparations assayed whole were 460, 594, and 396 
uugm. 


DISCUSSION 


The concentrations of total vitamin B,: of the normal sera reported in 
this paper show both a range and a mean similar to those reported by 
Rosenthal and Sarett (9). These investigators used a modified Lactobacil- 
lus leichmannii assay technique, which, however, does not distinguish free 
from bound forms of the vitamin. In addition to these thirteen normal 
sera, we have investigated twenty other sera from patients suffering from 
various diseases, but not anemic, and have found a range of vitamin By 
concentration from 50 to 540 yugm. per ml. with a mean of 193 yugm. per 
ml. This figure agrees closely with the mean of 195 yugm. per ml. which 
we found in the normal sera. These values are somewhat lower than those 
reported by Mollin and Ross (10), using the Euglena assay in England. 
The discrepancy is not due to a difference in potency between the British 
and American standard of vitamin Bi: activity (11). 

From the data presented in Table I, it is obvious that normal serum has 
a limited capacity to bind added vitamin By: in vitro. Following the addi- 
tion of 1000 uugm. of crystalline vitamin, the mean bound value increased 
from 178 to 336 wugm. per ml. This same phenomenon of limited binding 
occurs in vivo. Following a parenteral dose of 30 y of crystalline vitamin 
By to an individual with a normal serum concentration of vitamin By, 
the concentration of bound vitamin increased from 200 to 400 uugm. per 
ml. This limited binding capacity is suggestive of binding by a specific 
serum protein. 

From the results presented in Table V, it is apparent that the vitamin 
By present in normal serum is bound by a-globulin. Both a-1- and a-2- 
globulin fractions appear to have the ability to bind vitamin By. How- 
ever, it must be noted that the a-lipoproteins are not stainable by the 
staining techniques used in this investigation, and the possibility has to be 
considered that this particular fraction could be concerned with vitamin 
By binding. In serum electrophoretic strip technique, there is adsorption 
of lipoprotein at the point of origin, and it would be expected that some 
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yitamin Bi: activity would be found in the area of the y-globulin fraction, 
if lipoprotein was responsible for binding. In no instance has any activity 
been demonstrated in this area, with either normal sera or pathological 
sera having an abnormally high vitamin By. concentration. 

It would be theoretically possible for a megaloblastic anemia to be caused 
by a deficiency in vitamin Bj:-binding material. A probable case of this 
nature was reported by Horrigan and Heinle (12). A tracer dose of radio- 
active vitamin By,» was largely lost in the urine, indicating inability of the 
body to bind the vitamin. A hematological remission was induced by the 
intravenous infusion of 250 ml. of normal plasma. Electrophoretic studies 
on the serum of this patient are not reported. We are at present studying 
the vitamin B,2 concentrations of sera with low and high a-globulin levels 
to determine whether any correlation exists between the vitamin By con- 
centration and the amount of a-globulin present. 

As would be expected, vitamin Bi: added to serum was found to be lo- 
cated predominantly in the a-globulins. These mixtures contained con- 
siderable free vitamin B12, the presence of which may account for the vita- 
min By: activity found in other fractions. When a solution of crystalline 
vitamin By. in water is applied to the paper in place of serum in the electro- 
phoretic technique, most of the vitamin can be recovered from the area of 
the point of application. This suggests that the free vitamin was adsorbed 
at the point of origin; otherwise, free vitamin should have moved towards 
the cathode with the electro-osmotic flow. 

It is difficult to understand why more of the added vitamin is recovered 
from the electrophoretic strips than from the serum-vitamin By. prepara- 
tions assayed whole. Possible explanations of this could be as follows: (a) 
Denaturation of the proteins in the microbiological assay technique could 
render some of the vitamin Bi. unavailable for utilization by the organ- 
ism, possibly through formation of a stable acid metaprotein-vitamin By. 
complex. By the use of the paper electrophoretic technique, this does not 
occur, since the responsible proteins are separated from the vitamin By»- 
containing moiety before denaturation takes place. (b) The possibility 
exists of the presence of a substance in i.ormai serum which is able to in- 
hibit the utilization of vitamin By by the test organism. When serum is 
fractionated electrophoretically, this substance may locate in a fraction 
which has no detectable concentration of vitamin B,2, and so is unable to 
exert its inhibiting action. 

The elucidation of this problem may lie in further refinements of tech- 
nique. 


SUMMARY 


1. The binding of vitamin B,2 by normal serum has been studied in two 
ways: (a) the total binding capacity following the addition of excess crystal- 
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line vitamin B;2 has been determined, and (b) the location of the bound 
vitamin in serum has been investigated by an electrophoretic technique, 

2. Normal serum has a limited capacity to bind added crystalline vita. 
min By in vitro. Upon the addition of 1000 yugm. of crystalline vitamin 
Biz to 1 ml. of serum, the mean concentration of bound vitamin increased 
from 178 to 336 uugm. per ml. 

3. The binding of vitamin B,. by serum protein is a specific phenomenon 
for which the a-globulin fractions are responsible. Serum albumin does 
not play a part in the transport of vitamin B, in the circulation. The 
other globulin fractions, likewise, have little activity in this respect. 

4. When crystalline vitamin B,, is added to serum in vitro, the major 
part of the added vitamin which is bound can be recovered from the a- 
globulin fractions. 
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THE ISOLATION OF RADIOACTIVE PHOSPHOSERINE FROM 
“PHOSPHOPROTEIN” OF THE EHRLICH ASCITES TUMOR* 


By EUGENE P. KENNEDY anp SYLVIA WAGNER SMITH 


(From the Ben May Laboratory for Cancer Research and the Department of Biochemistry, 
University of Chicago, Chicago, Illinois) 


(Received for publication, October 14, 1953) 


In a study of the synthetic processes of the Ehrlich ascites tumor of the 
mouse carried out in this laboratory, isolated washed tumor cells were incu- 
bated in the presence of inorganic orthophosphate labeled with P®. The 
phosphorus compounds of the cell were then fractionated by the method 
of Schneider (1), and it was found that the so called “phosphoprotein” 
residue obtained in the Schneider procedure had a specific activity about 
30 times higher than that of the phospholipide or nucleic acid fractions. 
Similar high values for the rate of turnover of “phosphoprotein” in the 
Yoshida sarcoma have been reported by Araki et al. (2). Experiments by 
Davidson et al. (3) had previously shown that the specific activity of the 
“phosphoprotein” of the livers of normal animals 2 hours after injection 
with P® is about 4 to 6 times higher than that of the other acid-insoluble 
fractions. Results indicating a high rate of turnover of the phosphorus of 
the “phosphoprotein” fraction in intact animals have also been reported 
by Johnson and Albert (4). 

Friedkin and Lehninger (5) and Williams-Ashman and Kennedy (6) have 
also described a high rate of turnover of the “phosphoprotein” of cell-free 
particulate enzyme systems of normal liver and of the Flexner-Jobling 
tumor. 

The studies cited are of considerable interest in that they indicate a 
potentially important active metabolic réle of the “phosphoproteins” of 
normal and malignant tissues. However, it has been pointed out by 
Friedkin and Lehninger (5) as well as by Davidson et al. (3) and others 
(7, 8) that the “phosphoprotein” fraction of Schneider’s procedure is in no 
sense a pure chemical entity. It is merely the insoluble residue obtained 
after successive extractions of the acid-soluble, lipide, and nucleic acid 
fractions. It may be contaminated with radioactive inorganic phosphate 
or other components of high specific activity which are tenaciously bound 
to such precipitates. If one uses the procedure of Schmidt and Thann- 
hauser (9) rather than that of Schneider to obtain the “phosphoprotein” 
phosphorus, the situation is not much more satisfactory since, here also, 
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the “phosphoprotein” activity may in fact be attributed to the presence 
of small amounts of inorganic phosphate or of alkali-labile phosphate of 
high specific activity. 

The extremely high activity of the “phosphoprotein” residue of the Ebr. 
lich ascites tumor, as well as the results of experiments of other workers 
with normal tissues, made it imperative that the active components of this 
fraction be identified. The work of Lipmann (10, 11) has demonstrated 
that the phosphorus of casein and of vitellinic acid may be isolated in part 
at least as phosphoserine. More recently de Verdier (12) has reported the 
isolation of minute amounts of phosphothreonine from casein. If the 
radioactivity of the “phosphoprotein” fraction of Ehrlich ascites tumor 
is really caused by a rapid turnover of phosphorylated amino acid residues, 
then it should be possible to isolate radioactive phosphorylated amino acids 
from this fraction after partial hydrolysis in hydrochloric acid. The pres- 
ent paper reports the isolation of phosphoserine of very high specific activ- 
ity from hydrolysates of Ehrlich ascites tumor “‘phosphoprotein’”’ by chro- 
matographic methods specially designed for the separation, identification, 
and isolation of small amounts of phosphorylated amino acids. No sig- 
nificant amounts of other radioactive phosphorylated amino acids could be 
detected. Preliminary experiments have yielded evidence of the presence 
of phosphoserine in hydrolysates of the phosphoprotein fraction of isolated 
mitochondria from normal rat liver incubated in vitro with labeled ortho- 
phosphate under conditions designed for vigorous oxidative phosphoryla- 
tion (5). 


Materials and Methods 


The inoculation, growth, and harvesting of the Ehrlich ascites tumor in 
mice were carried out exactly as described by Kun, Talalay, and Williams- 
Ashman (13). 

’ Inorganic phosphate labeled with P*? was obtained from the United 
States Atomic Energy Commission through the Oak Ridge National Labo- 
ratory and was purified before use as described previously (14). 

Phospho-t-threonine, phospho-L-hydroxyproline, phospho-.-tyrosine, 
phospho-pL-serine, and phospho-L-serine were synthesized by a method 
based on that of Plimmer (15). These compounds were subjected to a 
brief acid hydrolysis and purified by passage over columns of Dowex 1 
chloride resin before isolation as the barium salts. 

P*? measurements were made from aliquots dried in aluminum cups and 
counted in a gas flow counter under conditions of negligible self-absorption. 

A method similar to that of Moore and Stein (16) was used to detect 
free and phosphorylated amino acids in fractions derived from chromatog- 
raphy on ion exchange resins. 

Phosphorus was determined by the method of Gomori (17). 
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EXPERIMENTAL 


Incorporation of P® into Ehrlich Ascites Tumor Cells—The ascites fluid 
from twenty to thirty mice was pooled for each experiment. Hemorrhagic 
ascites fluid was discarded. The cells were separated from the ascitic 
plasma by centrifugation at 0° and were washed twice with the following 
medium: NaCl 0.125 m, KCl 0.005 m, MgCl, 0.001 m, NaHCO, 0.025 . 
After washing, the cells were suspended in an amount of the medium equal 
to about twice the original volume of the ascites fluid. Glucose (0.2 per 
cent) and Na2HP0, (0.1 um of P per ml. with specific activity of 10 ue. per 
um of P) were added, and the cells were shaken for 2 hours under an atmos- 
phere of 95 per cent O. + 5 per cent COs. The temperature was 37°. 

At the end of the incubation, one-tenth of a volume of 100 per cent 
(weight per volume) trichloroacetic acid was added to stop the reaction. 
The trichloroacetic acid-insoluble precipitate was then fractionated ac- 
cording to the method of Schneider (1). The final “phosphoprotein” resi- 
due obtained by the Schneider method was washed three times with acetone 
and dried in a vacuum desiccator overnight. The “phosphoprotein’’ so 
obtained contained 0.2 per cent phosphorus. 

The results of such an experiment are presented in Table I. The very 
high specific activity of the “phosphoprotein” fraction in comparison to 
that of the other acid-insoluble fractions is particularly noteworthy. The 
incorporation of P® into these fractions is dependent upon an energy sup- 
ply, as shown by the anaerobic experiment in which incorporation is very 
small when glucose is omitted. Aerobically, the incorporation reactions 
are not dependent upon an added substrate, because of the vigorous aerobic 
endogenous metabolism displayed by these tumor cells (13). 

Acid Hydrolysis of ‘“‘Phosphoprotein’’ Fraction—The crude ‘phospho- 
protein” residue made radioactive by incubation of Ehrlich ascites tumor 
cells in vitro in the presence of P*? as described above was hydrolyzed for 
10 hours in 10 volumes of 2 N HCl at 100°. Approximately 2 gm. of “‘phos- 
phoprotein” were used in each experiment. At the end of the hydrolysis, 
during which the protein was only partially hydrolyzed, the hydrolysate 
was clarified by centrifugation and chilled in an ice bath. Concentrated 
ammonia was added to adjust the pH to about 9. Inorganic phosphate 
was then removed as magnesium ammonium phosphate. Phosphorus and 
radioactivity measurements were made on the inorganic and esterified 
phosphorus fractions of the hydrolysate. For the results of two such 
experiments see Table IT. 

About 60 to 67 per cent of the radioactivity of the hydrolysate was 
found to be present as esterified phosphorus compounds after removal of 
inorganic phosphate. Furthermore, the specific activity of the esterified 
phosphorus was 2 to 3 times higher than that of the inorganic phosphate. 
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These results show that the radioactivity of the “phosphoprotein” fraction 
is not the result of adsorption of inorganic orthophosphate of high Specific 
activity, nor can it be due to the presence of pyrophosphate or metaphos. 
phate which would be hydrolyzed under these conditions to orthophos. 
phate. 


TaBLe I 
Incorporation of P8? into Ehrlich Ascites Tumor Cells 





a 


Specific activity, counts per um P 














Substrate ee ee ai anid 
Phospholipide Nucleic acid “‘Phosphoprotein” 
Anaerobic 
onic oo accn em muew 3780 2080 58 , 600 
a epithelia aap an ania 155 62 3,290 
Aerobic 
— - —— —_—_—_—__— — 
RR ke i atrava cases | 1640 1025 44,000 
ee ee 2670 1700 47 ,600 


The conditions of incubation with P*? were similar to those described in the text. 
In the anaerobic experiment, the gas phase was 95 per cent N2. + 5 per cent CO». 








TABLE II 
Effect of Acid Hydrolysis on ‘‘Phosphoprotein”’ Fraction 

Experiment 46 | Experiment 48 

Total inorganic P, uw............ eon 8 eae peas 53 83 
. “ P82, counts X 108.... neakcwe es 1.53 | 2.02 

‘Specific activity of inorganic P, counts per um P.. | 28,900 | 23,300 

Total esterified P, ww................... wet eee 46 54 
i ag P23, counts X 10%........... is 3.24 | 3.06 

Specific activity of esterified P, counts per um P... 70,500 | 56,700 


The values were obtained by analysis of the clarified hydrolysate after treatment 
with acid as described in the text. 


It is clear that the “phosphoprotein” residue as obtained by the method 
of Schneider is by no means homogeneous, but consists of a mixture of 
components of low specific activity, which are labile to acid hydrolysis, 
and components of high specific activity, which are relatively stable under 
these conditions. It is for this reason that the crude fraction is described 
within quotation marks. Davidson and coworkers (3) have presented sim- 
ilar evidence based on treatment of the “phosphoprotein” fraction with 
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alkali under the conditions of the Schmidt and Thannhauser fractiona- 
tion (9). 

Fractionation on Dowex 1 Chloride Resin—The crude hydrolysate, after 
removal of inorganic orthophosphate, was diluted with 20 volumes of dis- 
tilled water to reduce the chloride ion concentration and passed over a 
column of Dowex 1 chloride resin (4 cm. high and 2 cm. in diameter) at a 
rate of 1 to 2 ml. per minute. This operation was performed in a cold 
room at 5° to minimize breakdown of phosphate esters during the rather 
prolonged time necessary to pass the dilute solution over the column. 
About 80 to 90 per cent of the radioactivity was adsorbed on the column. 
After washing the column with distilled water and 0.001 nN HCl, the radio- 
activity was eluted with 0.01 n HCl in fractions of about 6 ml. each with 





TaBLeE III 
Fractionation of Acid Hydrolysate of ‘‘Phosphoprotein’”’ on Dowex 1 Chloride Resin 
| Volume Total P22 
—- |. i | oe. ‘ah a | - commie x 106 
1. Hydrolysate after removal of inorganic ortho- | 
ET d676\ 5 0:b die aalee pe eeaawennenEe mews 4000 3.06 

DI EUOERED 5 cabs cc tciivaweticeseaenese | 4000 0.49 
Sek es dose kv acbarlen aan’ sos | 100 0 
ee ik > A | 100 0 
5. Eluate with 0.01“ “ 

Tubes 34-55. ... a ee aT ee i 134 2.4 

All other tubes... . kes aceuenede ten itmees 443 0.26 


the aid of an automatic fraction collector. Details of this chromatographic 
step for one experiment are given in Table III. Nearly all of the adsorbed 
radioactivity was collected in a single band, which showed no resolution of 
separate components, but represented a very high degree of purification, 
since most of the ninhydrin-reacting material of the hydrolysate was re- 
moved. 

Fractionation on Dowex 1 Acetate Resin—A column of Dowex 1 acetate 
resin, 45 em. high by 9 mm. in diameter, was prepared by washing the 
chloride form of the resin with 1.0 m sodium acetate until no chloride ion 
could be detected in the effluent. The column was then washed with 
water prior to use. The elution of phosphorylated amino acids from this 
column was carried out under carefully standardized conditions, with a 
continuously increasing concentration of acetate buffer. An arrangement 
of apparatus similar to that described by Busch, Hurlbert, and Potter (18) 
was used. The mixing chamber, consisting of a 500 ml. flask equipped 
with a magnetic stirrer, was initially filled with distilled water. The reser- 
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voir was a large separatory funnel containing 1000 ml. of 0.4 m sodium 
acetate-acetic acid buffer at pH 4.8. The column was eluted at the rate of 
20 ml. per hour. By this technique, mixtures of synthetic phospho-.-se. 
rine, phospho-L-tyrosine, phospho-L-threonine, and phospho-L-hydroxypro. 
line could be successfully resolved. Phospho-t-hydroxyproline appeared 
first in the eluate (310 to 360 ml. of eluate), followed by phosphothreonine 
(370 to 395), phosphoserine (500 to 525), and phosphotyrosine (580 to 
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Fig. 1. The radioactive band from a column of Dowex 1 chloride was rechromato- 
graphed over a column of Dowex 1 acetate resin as described in the text. 


630). The position of these compounds in the eluate was satisfactorily 
constant and predictable. When known amounts of the synthetic phos- 
phorylated amino acids were subjected to these chromatographic pro- 
cedures, recoveries of the compounds were close to quantitative. 

The radioactive band from the Dowex 1 chloride column was neutralized 
with ammonia, adsorbed on a column of Dowex 1 acetate, and eluted ac- 
cording to the technique described. No carrier material was added. Fig. 
1 shows the distribution of radioactivity in the eluate for one such experi- 
ment. About 30 per cent of the radioactivity of the original crude hydrol- 
ysate after removal of inorganic orthophosphate could be recovered in a 
well defined peak in the position expected for phosphoserine in this chro- 
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matographic procedure. Material taken from tubes in the middle of this 
peak and rechromatographed either on Dowex 1 chloride or Dowex 1 ace- 
tate exhibited only a single sharp peak. 

The specific activity of the phosphoserine fraction obtained by these 
procedures is compared with that of the crude “phosphoprotein” fraction 
and of other stages in the fractionation procedure in Table IV. It will 
be seen that the specific activity of the phosphoserine fraction is about 3 
to 5 times higher than that of the crude “phosphoprotein” and is also sig- 
nificantly higher than that observed in any of the previous fractionation 
steps. It is important to note that the specific activity of the phospho- 
serine is very much higher than that of the inorganic phosphate removed 
after the acid hydrolysis, thus eliminating the possibility that radioactive 
phosphoserine arises from a purely chemical reaction between serine and 
orthophosphoric acid during hydrolysis. 


TaBLe IV 
Specific Activity of Phosphoserine Isolated from ‘‘Phosphoprotein”’ 


Specific activity, counts per um P 


Experiment 46 | Experiment 48 
1. Total ‘“‘phosphoprotein” P................. 44 400 45 ,000 
2. After acid hydrolysis, inorganic P...... 28 ,900 23 , 300 
m " ¢ esterified “ 70,500 56 , 700 
3. ‘ fractionation on Dowex 1 chloride resin 100 ,000 73,000 


4, Phosphoserine. .... / 211,000 113 ,000 


Chromatography on Filter Paper—In order to check the identity of the 
radioactive phosphate ester obtained by chromatography on Dowex | ace- 
tate resin, a portion of the phosphoserine fraction was passed over Amber- 
lite [R-120 resin (hydrogen form) to remove sodium ions, concentrated to 
a small volume, and run on Whatman No. 43 filter paper. A solvent mix- 
ture of 75 parts by volume of absolute ethanol and 50 parts of 0.1 m acetate 
buffer, pH 4.6, was used. A single ninhydrin-positive spot was found with 
an Rr of 0.35. Synthetic phosphoserine run on the same paper as the 
control showed an Ry of 0.34. The filter paper was cut into small sections, 
eluted with water, and the distribution of radioactivity was measured. 
The results are presented in Fig. 2. Practically all of the radioactivity 
was found in a large peak in the exact position of the ninhydrin spot. A 
smaller, faster component moves at the same Ry as inorganic phosphate, 
which may be present as the result of a small amount of breakdown during 
the course of concentration of the sample for paper chromatography. 

Isolation of Radioactive Crystalline Phospho-u-Serine—To obtain further 
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proof of the presence of radioactive phosphoserine in the hydrolysate g 
Ehrlich ascites “phosphoprotein,” an experiment was performed in which 
unlabeled carrier phosphoserine was added to the crude hydrolysate anj 
reisolated in crystalline form. To the hydrolysate of the “phosphoprotein” 
fraction after removal of inorganic orthophosphate were added 100 mg. of 
the barium salt of phospho-t-serine. The hydrolysate was concentrated 
to a small volume and barium phospho-t-serine precipitated by the addi. 
tion of several volumes of alcohol. The crude precipitate was washed 
several times with 50 per cent alcohol and chromatographed on Dowex | 
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Fic. 2. Paper chromatogram of phosphoserine fraction isolated by chromatog- 
raphy on Dowex 1 acetate. 


acetate resin. The band of phosphoserine was located by the ninhydrin 
reaction and was rechromatographed on Dowex 1 chloride. The column 
was eluted with 0.02 n HCl, and the phosphoserine again located by means 
of the ninhydrin reaction. The tubes containing the phosphorylated 
amino acid were pooled and concentrated to a volume of about 0.50 ml. 
Several volumes of cold ethanol were added, and phospho-t-serine was 
obtained as a crystalline precipitate in a yield of 28.5 mg., corresponding 
to an over-all recovery of about 55 per cent. The purified material was 
extremely radioactive (specific activity 1040 counts per um). It could be 
calculated from this specific activity that 29 per cent of the radioactivity 
of the original crude hydrolysate after removal of inorganic phosphate 
must have been present as phosphoserine, a value in excellent agreement 
with the recoveries described above when no carrier material was added. 
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The specific activity of the crystalline phosphoserine so obtained was 
not altered significantly by three recrystallizations from aqueous ethanol. 
The melting point of the product was 168-170° with decomposition. 

Other Phosphorylated Amino Acids—In experiments similar to that de- 
seribed for phosphoserine, synthetic unlabeled phospho-t-hydroxyproline, 
phospho-L-tyrosine, and phospho-L-threonine were added to portions of 
crude hydrolysate of ‘“‘phosphoprotein” and recovered by chromatographic 
methods. In contrast to the results with phospho-.-serine, none of these 
phosphorylated amino acids showed significant amounts (more than 1 per 
cent) of the radioactivity of the hydrolysate after persistent rechromatog- 
raphy. These experiments do not prove, however, that the phosphoryl- 
ated amino acids tested are not present in the hydrolysate in non-radio- 
active form, since it is only by their radioactivity that they could have 
been detected. 

Although no significant amounts of the other radioactive phosphorylated 
amino acids could be found, only about 30 per cent of the activity of the 
crude hydrolysate could be accounted for as phosphoserine. Inspection of 
the chromatogram in Fig. 1 reveals several minor peaks eluted more rapidly 
than phosphoserine. The material in one of these peaks (Tubes 53 to 57 
of the chromatogram shown) was concentrated and chromatographed on 
filter paper. The radioactivity was found to be associated with a rather 
diffuse ninhydrin spot with an Ry value of 0.40. The specific activity of 
this radioactive ninhydrin-reacting substance was fully as high as that of 
phosphoserine. No material of high specific activity was found in any 
experiment except in ninhydrin-positive fractions. 

Since the conditions of hydrolysis of the “phosphoprotein” were deliber- 
ately chosen to be rather mild so that total breakdown of phosphate esters 
could be avoided, it is fairly certain that the amounts of free phosphoserine 
found are only a fraction of the total phosphorylated serine present. It 
seems reasonable to assume that the faster running material represents 
peptides of phosphoserine. No further effort to identify this material has 
been made. 

“Phosphoprotein” of Mitochondria of Normal Liver Tisswe—A few experi- 
ments were carried out with the “phosphoprotein” fraction of normal rat 
liver mitochondria, made radioactive by incubation in vitro with inorganic 
phosphate labeled with P* (5, 6). Results essentially similar to those ob- 
tained with the Ehrlich ascites tumor “phosphoprotein” were obtained, 
although the radioactivity of the mitochondrial “phosphoprotein” was 
considerably less than that derived from the tumor tissue. As in the case 
of the tumor ‘“‘phosphoprotein,”’ the principal radioactive component of the 
mitochondria ‘‘phosphoprotein” appeared to have chromatographic prop- 
erties identical with that of phosphoserine. 
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DISCUSSION 


The evidence presented in this paper demonstrates that the phosphate 
moiety of phosphoserine in the phosphoprotein of the Ehrlich ascites tumor 
undergoes a truly remarkable rate of turnover. Results presented in Table 
I show that the specific activity of the “phosphoprotein” fraction obtained 
by the Schneider technique is about 30 times that of the nucleic acid frag. 
tion. The specific activity of the purified isolated phosphoserine is about 
4 times that of the crude “phosphoprotein” fraction, or about 120 times 
that of the nucleic acid fraction. 

What is the physiological significance of this high rate of renewal? Is it 
a reflection of a very rapid rate of turnover of the whole protein molecule. 
or is it the result of rapid dephosphorylation and rephosphorylation of the 
otherwise intact protein? These questions are of obvious importance in 
protein metabolism and function, but the answers await further funda- 
mental study. 

It is by no means certain that the high metabolic activity indicated by 
the rapid rate of turnover of the phosphoserine linkage is a characteristic 
of all types of “phosphoprotein” molecules in the Ehrlich ascites tumor 
cells. The possibility must be considered that this rate of turnover is a 
result of enzymatic activity on the part of enzymes which function by 
cyclic phosphorylation and dephosphorylation of the serine hydroxy] group, 
perhaps as a stage in the utilization of the phosphate bond energy of adeno- 
sinetriphosphate. Mechanisms of enzyme action involving intermediary 
phosphorylation of the enzyme itself have been put forward by several 
authors. Recently, Lipmann and his collaborators (19) have presented 
evidence for the formation of an enzyme-phosphate-adenosine compound 
which may be formed during the course of formation of acetyl coenzyme 
A from adenosinetriphosphate and acetate. It is also of considerable 
‘ interest in this connection that Schaffer et al. (20) have isolated phospho- 
serine from hydrolysates of chymotrypsin after treatment with diisopropyl 
fluorophosphate, suggesting that a serine residue is the active center of this 
enzyme. 

The isolation of radioactive phosphoserine from the acid hydrolysates of 
the “phosphoprotein” fraction is, of course, no conclusive evidence that 
the phosphate of the intact protein is present as a simple monoester of 
serine. If, for example, the actual structural linkage is that of a pyro- 
phosphate or phosphorus diester bridge, it is still possible that acid hy- 
drolysis would yield phosphoserine. The nature of phosphorus linkages 
in “phosphoproteins” has been discussed by Perlmann (21) who has also 
presented evidence indicating the possible existence of nitrogen-phosphorus 
linkages in “phosphoproteins.” 
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We are indebted to Mr. William Bradford for growth and transfer of the 
Ehrlich ascites tumor in mice, and to Dr. H. G. Williams-Ashman for valu- 
able advice and for performing the experiment shown in Table I. 


SUMMARY 


After incubation of washed, intact Ehrlich ascites tumor cells in the 
presence of inorganic phosphate labeled with P®, the specific activity of 
the “phosphoprotein” residue has been found to be many times higher 
than that of any other trichloroacetic acid-insoluble fraction. Upon par- 
tial acid hydrolysis of the crude “phosphoprotein” phosphoserine of very 
high specific activity could be isolated by chromatographic techniques. 
The possible significance of the high metabolic activity of the phospho- 
serine residues of “phosphoproteins” is discussed. 

Preliminary experiments with the “phosphoprotein” of mitochondria 
from normal liver tissue yielded essentially similar results. 
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STUDIES ON THE PHOSPHATIDE CONTENT OF 
HUMAN SERUM* 


By MENARD M. GERTLER, JACOB KREAM, anp OMAR BATURAY 


(From the Departments of Biochemistry and Medicine, Home for the Aged and 
Infirm Hebrews, New York, New York) 


(Received for publication, September 21, 1953) 


Recent observations appear to indicate that there is an association be- 
tween human atherosclerosis and gross changes in serum phosphatides (1, 
2). Since this lipide fraction is heterogeneous, it would be desirable and 
of interest to distinguish any differential changes in the individual phos- 
phatide components. 

The examination of the literature dealing with the qualitative and quan- 
titative aspects of phosphatide distribution in human blood plasma or 
serum reveals certain discrepancies. For example the work of Taurog et 
al. (3) indicates that practically all of the phosphatides of human plasma 
are of the choline-containing type. Hack (4) and Sinclair (5, 6) seem to 
have reached the same conclusions. Artom, on the other hand (7), al- 
though finding choline-containing phosphatides a major constituent of 
human plasma, also estimated that of the total phosphatide content about 
21 and 7 per cent could be accounted for as ethanolamine- and serine- 
containing compounds respectively. The analytical data obtained by in- 
dividual investigators can only be compared when viewed in terms of the 
fractionation or purification procedures employed. ‘These procedures are 
largely dependent upon differential solubilities or adsorption prior to anal- 
ysis for individual phosphatides. Accordingly a method is desirable by 
which the plasma phospholipide constituents in crude unfractionated lip- 
ide extracts can be separated and estimated. The methods developed by 
Levine and Chargaff (8-10) offer a basis for such a procedure. Their 
methods involve the use of unidimensional paper partition chromatog- 
raphy for the separation and ultimate estimation of the nitrogenous bases 
present in phosphatide hydrolysates. It is of interest to note that Bevan 
et al. (11) have reported the separation of crude mixtures of phosphatides 
into individual components by use of filter paper chromatography. Bev- 
an’s methods are valuable in that intact phosphatides can be chromato- 
graphically separated, but quantitative application would present diffi- 
culties. 

In adapting the methods of Levine and Chargaff to the study of serum 


* Supported by grants from the Louis K. Anspacher Medical Research Fund. 
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phosphatides, it seemed desirable to introduce certain modifications. This 
paper therefore is concerned with a description of the quantitative proce. 
dures for the estimation of several phosphatide components as develope 
in this laboratory and preliminary data on the application of these method 
to the analysis of the phosphatide content of human serum. 

The procedure involves (a) extraction of phosphatides from serum sam. 
ples by use of organic solvents; (b) hydrolysis of the crude filtered extracts 
to liberate free serine, ethanolamine, and choline of phosphatide origin: 
(c) separation of the bases by unidimensional paper partition chromatog. 
raphy on filter paper strips; (d) quantitative estimation of serine and eth. 
anolamine by development of adsorption zones by means of ninhydrin, 
and extraction of the resulting colored areas with aqueous pyridine, fo. 
lowed by quantitative colorimetry; (e) development and estimation of 
choline on separate chromatograms by the method of Levine and Char. 
gaff (10). 

This general procedure therefore offers a relatively simple means of e. 
timating phosphatides in serum by a direct analysis of their corresponding 
bases. Minor phosphatide constituents can be determined without re. 
course to fractionation which might result in their being overlooked o 
completely lost. For example, after extraction of phosphatides and sepa- 
ration of choline- and non-choline-containing compounds by the method of 
Taurog et al. (12), the presence of minor components such as phosphatidy| 
serine could readily be missed by estimating the cephalin fraction in terms 
of its phosphorus content only (13). 

In human serum phosphatide extracts it has been possible by the proce. 
dure outlined above to detect small amounts of serine-containing phospha- 
tides, thus confirming the original observations of Artom (7). Future pub- 
lications from this laboratory will be concerned with the distribution of 
serum phosphatides in normal and pathological conditions. 


EXPERIMENTAL 
Material 


pL-Serine (Merck), ethanolamine which had been purified by distillation 
in vacuo, and choline chloride, recrystallized from ethanol and dried, served 
for the preparation of standard solutions. All solvents were redistilled 
before use. The total nitrogen content of the phosphatide extracts was 
determined by a modification of the method of Sobel ef al. (14) and phos- 
phorus by the colorimetric method of Fiske and Subbarow (15). For quan- 
titative planimetry of the choline spots, a polar planimeter (Keuffel and 
Esser Company, New York) was used. 
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Chromatographic Separation and Estimation of Serine, 
Ethanolamine, and Choline 


Each chromatographic separation was carried out on an individual strip 
of Schleicher and Schuell filter paper No. 597 (3 cm. wide and 45 em. long). 
Large numbers of strips could be machine-cut to the desired dimensions, 
and strips derived from the same sheet of paper were always kept together 
to be used in individual runs. In choline determinations in which spots 
representing 45 to 50 y of material were expected, strips 7.5 em. wide were 
ysed. Aside from greater ease in handling, the use of individual strips 
rather than multilaned sheets was found to be an advantage in that the 
danger of overlapping of adsorption zones was eliminated. 

Solutions to be analyzed were dispensed at a starting point of 9 cm. 
from the end of a paper strip by means of a Gilmont ultramicro burette 
(Emil Greiner Company, New York) of 0.1 ml. total capacity. Aliquots 
as large as 150 ul. per strip could be employed if the material were dis- 
pensed in 10 ul. portions onto a single spot with intermittent drying. The 
material on the paper strips was then subjected to unidimensional de- 
scending chromatography in a “chromatocab” (Research Equipment Cor- 
poration, Oakland, California) for about 18 hours. The solvent system 
employed for the separation of serine, ethanolamine, and choline was a 
mixture of n-butanol, diethylene glycol, and water (4:1:1 by volume re- 
spectively) according to Levine and Chargaff (10). 


Development and Estimation 


Serine and Ethanolamine—For the development and estimation of serine 
and ethanolamine after chromatographic separation, the strips were first 
dried at room temperature and then passed slowly once through a mixture 
composed of equal volumes of 2 per cent ninhydrin solution (16), n-pro- 
panol, and water respectively. The strips thus treated were first dried 
horizontally for a few minutes and then completely dried for 24 hours at 
room temperature in a dark ammonia-free closet. After this treatment, 
the purple ninhydrin spots representing the separated adsorption zones of 
serine and ethanolamine were plainly visible. The color was then directly 
extracted from each paper strip by the following procedure: A rectangular 
paper segment containing each respective colored adsorption zone was cut 
from the paper strip and, after being cut into small pieces, was transferred 
to a small glass-stoppered test-tube. To each tube were added exactly 5 
ml. of a 20 per cent pyridine solution in water. Extraction of the color 
was complete after 10 minutes at room temperature. Prolonged extraction 
for as long as 24 hours produced extracts having identical color values. 
After gentle mixing, the colored extracts were separated from the extracted 
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paper residues, and the color intensities of the extracts, in terms of optical 
density, were determined by means of a Beckman model DU spectropho- 
tometer. Readings were usually made within 1 hour after extraction, with 
the instrument set at 580 my.' The extracts were read against blanks 
prepared by the extraction of paper segments equal in size which were cyt 
from each strip at a point below the adsorption zone of ethanolamine. 
Blanks prepared in this manner gave very low readings and did not differ 
among themselves nor from blanks prepared by the extraction of segments 
identical in position to the respective adsorption zones but cut from com. 
plete blank strips subjected to the same chemical treatments. 

The readings followed Beer’s law when 2 to 15 y of serine or ethanol- 
amine standards were subjected to chromatography either individually or 
as mixtures containing choline in addition. 

The color yields with ninhydrin per micromole of serine or ethanolamine, 
respectively, varied with the particular ninhydrin reagent used. In any 
one series of determinations, however, on a particular freshly prepared 
ninhydrin reagent, considerable uniformity was encountered. For exam- 
ple, in a series of ten experiments, as outlined above, the average color 
yields obtained in the range of 5 to 15 y of pure serine or ethanolamine 
subjected to chromatography separately or as a mixture were as follows: 
serine 1917 + 81,? ethanolamine 983 + 29.2 

Ammonia was found not to interfere with the estimation of serine and 
ethanolamine. Ammonium chloride solutions (ten to 60 y samples) which 
were subjected to chromatography produced chromatograms devoid of 
colored adsorption zones after development under the conditions described 
above.® 

Choline—Separate strips were used for the development and estimation 
of the choline adsorption zones after chromatographic separation. The 
. paper strips destined for choline determination were first completely air- 
dried at room temperature, subjected to steam vapors, and then saturated 
with ammonia gas. Such pretreatment of the papers resulted in excellent 
choline spots when the adsorption zones in question were made visible by 
the development method of Levine and Chargaff (10) with phosphomolyb- 
dic acid and stannous chloride. The choline was estimated by planimetry 


1 A complete survey of the spectral curve of the extracts indicated that a fairly 
sharp peak was present in the vicinity of 580 my. 

2 Optical density (X 10%) at 580 my per uM of base. The presence of choline in 
mixtures subjected to chromatography did not affect the color yields of either serine 
or ethanolamine. 

3 Ammonium chloride could, however, be demonstrated in chromatograms which 
were sprayed with 2 per cent ninhydrin solution and heated in an oven at 100° fora 
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of the areas occupied by the individual spots as developed by Levine and 
Chargaff (10). 

A linear relationship between the area and the logarithm of the choline 
concentration was found in the range of 30 to 50 y of choline per spot. 
This relationship existed whether the choline standards were chromato- 
graphed individually or as mixtures containing ethanolamine and serine. 

In confirmation of the findings of Levine and Chargaff (10), it was ob- 
served that the lines plotted from data obtained from individual chromato- 
grams differed in slope when strips cut from different paper sheets were 
used. As a result, all analyses of serum phosphatide hydrolysates, includ- 
ing standards, were carried out with paper strips cut from the same sheet. 

Ry Values—The following R,y values were recorded when a series of stand- 
ard mixtures of serine, ethanolamine, and choline was subjected to paper 
chromatography with the n-butanol, diethylene glycol, water solvent mix- 
ture: serine 0.20, ethanolamine 0.37, choline 0.51. These substances dis- 
played identical Rr values when they were also chromatographed indi- 
vidually. 


Extraction and Hydrolysis of Serum Phosphatides 


In order to demonstrate the applicability of the methods already de- 
scribed to the study of the phosphatides of human serum, the following 
procedures were employed. 

Extraction—Usually 3 ml. of fresh unhemolyzed serum‘ were treated for 
1 hour, at 55-60°, with 10 volumes of a 3:1 alcohol-ether mixture. After 
cooling, the supernatant fluid containing the extracted phosphatides was 
separated by centrifugation and removed, and the residue was reextracted 
for 1 hour with 5 volumes of the same solvent. The second extract was 
separated in the same way, and the two extracts were combined and fil- 
tered. The filter was washed with about 5 ml. of hot solvent, and the 
clear wash fluid was added to the combined extracts. The extracts were 
then concentrated almost to dryness in an atmosphere of nitrogen, and the 
residual oily material was treated with three 10 ml. portions of hot petro- 
leum ether. 

After filtration as described previously, the combined petroleum ether 
extracts were concentrated to about 15 ml. and quantitatively transferred 
to a 25 ml. volumetric flask and diluted to mark with the same solvent. 
Aliquots of the petroleum ether extract were utilized to determine the 
total phosphorus content and total nitrogen content (usually 2 ml. for 
phosphorus, 5 ml. for nitrogen). 

Hydrolysis—The remainder of the petroleum ether extract, after being 


‘Obtained from adults after a 10 hour fast. 
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quantitatively transferred to a 50 ml. Erlenmeyer flask equipped with q 
standard taper ground glass joint, was evaporated to dryness in an atmos. 
phere of nitrogen, and the resulting residue was taken up in 6 ml. of 6 y 
aqueous HCl. The mixture was heated for 48 hours at 100° under a reflux 
The hydrolysate mixture was then evaporated to dryness in vacuo and the 
dried residue taken up in exactly 2 ml. of water with slight warming. The 
resulting acidic hydrolysate solution, after being filtered, was subjected to 
chromatographic analysis. Usually 80 to 100 ul. per strip served for the 
separation and estimation of serine and ethanolamine and 100 to 150 4, 
for the separation and estimation of choline. 

In each chromatographic series of serum phosphatide analyses, sets of 
standards were always included. Calculations were based upon the values 
obtained for these standards. As the serine and ethanolamine standard, 
a mixture containing both of these substances at a concentration of 0.1 per 
cent in 0.1 N HCl was used. In each analysis 5, 10, and 15 ul. aliquots of 
this mixture were dispensed onto individual paper strips and subjected to 
chromatographic separation. A solution of choline chloride in 0.1 n HC] 
served as the choline standard (equivalent to a 0.1 per cent solution in 
terms of choline) and was dispensed in aliquots of 30, 40, and 50 ul.® In. 
dividual strips bearing no other substances were used for the choline 
standards. 

It was of interest to determine the stability of the nitrogenous substances 
to be expected in serum phosphatide hydrolysates toward heating in the 
presence of hydrochloric acid. 0.1 per cent mixtures of serine, ethanol- 
amine, and choline, respectively, in 6 N HCl were subjected to heating 
under reflux for 48 hours. After cooling, the solutions were evaporated 
to dryness in vacuo; the dried residues were dissolved in water and diluted 
to definite volumes. Aliquots of these acidic solutions were subjected to 
chromatographic separation, and the resulting estimations of serine, eth- 
anolamine, and choline were compared with standard mixtures which were 
not subjected to hydrolytic treatment. As the result of a series of seven- 
teen such experiments, each consisting of from four to seven chromato- 
graphic separations, the recoveries were as follows: serine, 97 + 4 (stand- 
ard deviation) per cent; ethanolamine, 94 + 3 (s.d.) per cent; and choline, 
100 + 5 (s.d.) per cent. 

Serine, ethanolamine, and choline were equally resistant to hydrolytic 
treatment when heated with 6 N HCl in the presence of serum phospha- 
tides. In this experiment, known amounts of serine, ethanolamine, and 

5 When the same amount of choline contained in 50 ul. was dispensed in a total of 


100 wl., no variations in spot area were observed. 
6 The mixtures subjected to heating with 6 N HCl gave compact adsorption zones 
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choline were added to the residue resulting from the evaporation of a petro- 
leum ether serum phosphatide extract prepared as described previously. 
After drying in vacuo, the mixture was hydrolyzed with 6 Nn HCl for 48 


TABLE [| 
Acid Hydrolysis of Human Serum Phosphatides 


Composition of hydrolysate fluid per 100 ul. 
Duration of 
hydrolysis 


Inorganic P Serine Ethanolamine Choline Total 


per cent of 


hrs. uM total P* uM uM | uM uM 
0 0.00 0.00 0.00 0.00 0.00 0.00 
4 0.12 22 0.03 0.05 0.33 0.41 
8 0.21 38 0.04 0.05 0.39 0.48 
24 0.25 46 0.05 0.07 0.46 0.58 
48 0.36 66 0.05 0.07 0.47 0.59 





* Total phosphorus, 0.55 um per 100 wl. of hydrolysate fluid, equivalent to lipide 
phosphorus of 11.3 mg. per cent. 


TaBLeE II 
Distribution of Serine, Ethanolamine, and Choline in Hydrolysates of Human 
Serum Phosphatide Extracts 
Composition of . 
petroleum ether ex- Composition of hydrolysate fluid per 100 yl. 
tract per 900 wl.t 


Serum sample* 


Molar 
Total N | Total P | Serine | Ethanol- Choline | Total | yatio, 
| to total 
yo a ee, 's Pa Wed 
uM uM uM uM uM uM 
Al 0.60 0.37 | 0.07 0.06 0.29 | 0.42 0.69 
A3 0.71 0.29 0.05 0.04 0.18 0.27 0.67 
A4 0.69 0.31 0.08 | 0.06 0.23 0.37 0.62 
B13 0.62 0.23 0.00 0.00 0.24 0.24 1.00 
C13 0.80 0.22 0.03 0.08 0.14 0.25 0.56 


C18 1.19 0.22 0.02 0.08 0.16 0.26 0.62 


* Samples Al, A3, and A4, xanthomatosis; Sample B13, pregnant woman; Samples 
C13 and C18, coronary heart disease. 
+ Equivalent to 100 ul. of hydrolysate fluid. 


hours, and the nitrogenous bases were separated and estimated. An iden- 
tical sample of phosphatide extract containing no added bases served as 
the control. Recoveries of added bases were 93, 94, and 95 per cent for 
serine, ethanolamine, and choline respectively. 
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Experiments were also performed to ascertain the completeness of by. 
drolysis of serum phosphatide extracts with 6 nN HCl. A typical experi 
ment is summarized in Table I. Several portions of human serum wer 
pooled and extracted with alcohol-ether and petroleum ether as described 
previously. Aliquots of the resulting petroleum ether extract were ind. 
vidually hydrolyzed for 4, 8, 24, and 48 hours respectively. A fifth aliquot 
served as a zero time control and also for the determination of the total 
phosphorus content. After preparation of each hydrolysate sample for 
chromatography as described previously, the serine, ethanolamine, and 
choline contents were determined as well as inorganic phosphorus. The 
zero time sample, prepared in an identical manner but not subjected to 
heating, was also analyzed for nitrogenous constituents and inorganic 
phosphorus. None of the above components could be detected in this 
sample. The appearance of serine, ethanolamine, and choline is maximal 
after 24 hours hydrolysis, and certainly after 48 hours, while the inorganic 
phosphorus after this time period is still only 66 per cent of the total phos. 
phorus. This discrepancy between the inorganic phosphorus content and 
the total phosphorus present is not surprising in view of the well known 
resistance of hydrolytic fragments such as glycerophosphate to cleavage 
even in acid. 

Preliminary Analyses of Serum Phosphatides—Finally, Table IT sum- 
marizes typical analyses of human serum phosphatide hydrolysates as to 
their respective serine, ethanolamine, and choline contents. 


DISCUSSION 


Study of the non-choline phosphatides demonstrates the presence of at 
least two distinct types as evidenced by the occurrence of both serine and 
ethanolamine in hydrolysate solutions. The presence of serine-containing 
. phosphatides in the cephalin fraction of human plasma phosphatides was 
demonstrated by Artom (7). Subsequent workers in the field have ap- 
parently not extended Artom’s initial observations or have entirely over- 
looked the presence of phosphatidyl! serine in blood plasma. 

Since the unequivocal identification of the bases present in the phos- 
phatide hydrolysates studied is in a sense preliminary, i.e. based upon R, 
values of unidimensional chromatograms, it must be assumed that the 
substances in question are identical with authentic serine, ethanolamine, 
and choline. However, the fact that only a few nitrogenous bases have 
been described which are genuine constituents of phosphatides makes the 
identification based upon migration values fairly accurate. Of the com- 
pounds studied by Levine and Chargaff in regard to their chromatographic 
behavior (17), only hydroxyproline and hydroxyglutamic acid have the 
same Ry, values as serine on chromatograms with n-butanol, diethylene 
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glycol, and water as the solvent system. It should also be mentioned here 
that a very small ninhydrin-reacting spot has been observed at about R, 
0,02 on chromatograms of 48 hour serum phosphatide hydrolysates. This 
adsorption zone, which is too small to estimate accurately, may be phos- 


phoserine (17). 
SUMMARY 


Micromethods for the separation and estimation of serine, ethanolamine, 
and choline by means of filter paper chromatography as applied to the 
study of crude human serum phosphatide extracts are described. The 
48 hour acid hydrolysis of crude extracts yields maximal amounts of cho- 
line, serine, and ethanolamine, whereas the liberation of inorganic phos- 
phorus is incomplete. A few representative analyses of various serum 
phosphatide extracts demonstrate that the choline-containing phospha- 
tides represent the major constituent. 


BIBLIOGRAPHY 


1. Gertler, M. M., Garn, 8S. M., and Lerman, J., Circulation, 2, 205 (1950). 

2. Gofman, J. W., Lindgren, F., Elliot, H., Mantz, W., Hewitt, J., Strisower, B., 
Herring, V., and Lyon, T. P., Science, 111, 166 (1950). 

3. Taurog, A., Entenman, C., and Chaikoff, I. L., J. Biol. Chem., 156, 385 (1944). 

4. Hack, M. H., J. Biol. Chem., 169, 137 (1947). 

5. Sinclair, R. G., J. Biol. Chem., 174, 343 (1948). 

6. Sinclair, R. G., J. Biol. Chem., 174, 355 (1948). 

7. Artom, C., J. Biol. Chem., 157, 595 (1945). 

8. Chargaff, E., Levine, C., and Green, C., J. Biol. Chem., 176, 67 (1948). 

9. Levine, C., and Chargaff, E., Federation Proc., 8, 219 (1949). 

10. Levine, C., and Chargaff, E., J. Biol. Chem., 192, 465 (1951). 

ll. Bevan, T. H., Gregory, G. I., Malkin, T., and Poole, A. G., J. Chem. Soc., 841 
(1951). 

2. Taurog, A., Entenman, C., Fries, B. A., and Chaikoff, I. L., J. Biol. Chem., 155, 
19 (1944). 

3. Ranney, R. E., Entenman, C., and Chaikoff, I. L., J. Biol. Chem., 180, 307 (1949). 

14. Sobel, A. E., Mayer, A. M., and Gottfried, 8. P., J. Biol. Chem., 156, 355 (1944). 

15. Fiske, C. H., and Subbarow, Y., J. Biol. Chem., 66, 375 (1925). 

16. Moore, S., and Stein, W. H., J. Biol. Chem., 176, 367 (1948). 

17. Levine, C., and Chargaff, E., J. Biol. Chem., 192, 481 (1951). 


rs 


— 














Pr 
gene’ 
phor 
accol 
conet 
stare 


Gr 
serib 
activ 
phys 

Ele 
techn 
and § 
the i 
of Py 
is fill 
move 
ends 
in st 
and t 
cover 
size, 
simile 

Aft 

ait 
edged 
and th 
of the 
ferenc 
Seand 

1W 
for th 











ZONE ELECTROPHORESIS OF HYPOPHYSEAL GROWTH 
HORMONE (SOMATOTROPIN) ON STARCH* 


By PETER FONSS-BECH ann CHOH HAO LI 


(From the Department of Biochemistry (Hormone Research), University of 
California, Berkeley, California) 


(Received for publication, September 24, 1953) 


Previous communications from this laboratory have reported the homo- 
geneity of growth hormone (somatotropin) preparations (1) in electro- 
phoresis, ultracentrifuge, and solubility studies (2, 3), as well as analysis 
according to nitrogen terminal groups (4). The present investigation is 
concerned with the behavior of somatotropin in zone electrophoresis with 
starch as the supporting medium. 


EXPERIMENTAL 


Growth hormone preparations were obtained by methods previously de- 
scribed (1, 3) from the anterior lobes of ox pituitary glands. The biological 
activity of these preparations was estimated by the tibia test (5) in hypo- 
physectomized rats. 

Electrophoretic experiments were carried out in a cold room at 3°. The 
technique of zone electrophoresis is a modification of the method of Kunkel 
and Slater (6). Semicylindrical glass troughs! were used as containers for 
the immobilized medium; these are made by cutting 40 or 60 cm. lengths 
of Pyrex tubing, 4 cm. inner diameter, in half longitudinally. The trough 
is filled with a viscid mixture of starch and buffer; the excess buffer is re- 
moved by pressing a triple layer of filter paper against the surface. Both 
ends of the trough are then covered with a double layer of filter paper cut 
in strips 15 em. long, in order to insure contact between the starch block 
and the buffer solution in the electrode vessels. The top of the trough is 
covered first with a strip of Parafilm and then with a glass plate cut to 
size, held in place by means of rubber bands. The electrode vessels are 
similar to those described by Kunkel and Tiselius (7). 

After the trough has been left for at least 4 hours for equilibration with 


* The technical assistance of E. Hageman and C. W. Jordan is gratefully acknowl- 
edged. This work is supported in part by grants from the Rockefeller Foundation 
and the American Cancer Society upon recommendation of the Committee on Growth 
of the National Research Council. One of us (P. F.-B.) wishes to thank the Con- 
ference Board of Associated Research Councils (Fulbright grant), and the American 
Seandinavian Foundation. 

1 We are indebted to Dr. Jerker Porath for suggesting glass troughs as containers 
for the starch. 
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the buffer, the hormone is placed in the trough by the following method 
The hormone is dissolved in 0.5 ml. of buffer, and starch slightly moistenej 
with buffer is added until the mixture becomes about the same consisteney 
as the starch in the trough. A crosswise segment, about 1 cm. wide, is cyt 
from the starch in the trough and replaced by the mixture of starch and 
hormone. 

Customarily, a separate trough containing a reference protein is mp 
parallel to the hormone sample in the same electrode vessels, so that the 
rate of migration of the two proteins may be compared. For the present 
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Fic. 1. Standard curve of somatotropin. Optical density, EZ, obtained with the 
Folin reagent, at 750 my, plotted against the concentration. 


' investigation, crystalline ribonuclease? was employed as the reference pro- 
tein. The electrophoretic run is generally conducted for 24 hours at 175 
volts and about 30 ma. After the experiment is finished, the starch is cut 
in crosswise segments, each 1 cm. wide, beginning at a point 2 cm. in front 
of the inserted segment containing the protein. Each segment is then 
transferred to a centrifuge tube, extracted twice with 3 or 5 ml. of ice-cold 
distilled water, and centrifuged; an aliquot of the clear supernatant fluid 
is taken for determination of the protein concentration. The latter, esti- 
mated by the Folin reagent as described by Lowry et al. (8), is obtained 
from a standard curve (Fig. 1) derived by plotting optical density, Z, at 
750 my in a 1 em. cell, against the hormone concentration, which was linear 
up to about EH = 0.25. 
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* The authors wish to thank Dr. W. F. White of the Armour Laboratories for a 
gift of the crystalline ribonuclease preparation. 
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The composition of the buffers was as follows: pH 4.0, 0.19 m AcOH and 
0.017 m NaOH; pH 9.0, 0.091 m NaHCO; and 0.0091 m Na»CO;; and pH 
11.2, 0.1 M Na2COs3. 





SOMATOTROPIN 5 MG. 
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Fic. 2. Zone electrophoresis of somatotropin on starch in acetate buffer of pH 4.0 
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SEGMENT NO. 
Fig. 3. Zone electrophoresis of somatotropin on starch in carbonate solution at 
pH 11.2. 
Results 


A typical electrophoretic pattern obtained at pH 4.0 may be seen in Fig. 
2; experiments with other buffers produced similar patterns, giving no evi- 
dence of inhomogeneity. The amount of material originally applied to 
the trough could be accounted for by the protein recovered from the peak. 
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Similar results were obtained when 150 mg. of a somatotropin preparatigy 
were run at pH 11.2 for 72 hours under similar conditions (Fig. 3). 


TaBLe I 


Bioassay of Somatotropin Fractions Obtained from Zone Electrophoresis 


Electrophoresis 


eS i Fraction 
pH Buffer 
4.0 | Acetate Whole peak 
9.0 Carbonate = ” 
11.2 “6 | ‘6 sc 
11.2 - | Peak,§ left side 
11.2 ° «top 
11.2 ee “ 


right side 





ge es ee ee ee, © ae 
* Each animal received a total dose of 80 y in 4 days. 
t Mean + standard error. 

t p values from Fisher’s table of t. 


} Width of 
No. of rats* uncalcified 
cartilage of tibia 


“ 
5 218 + 5.5 
(>0.3)t 
6 237 + 3.2 
5 230 + 2.5 
10 215 + 4.5 
| (>0.1) 
10 235 + 3.9 
10 221 + 3.0 
21 224 + 3.2 


§ See Fig. 3; left side from Segments 20 to 24, top from Segment 25, and right side 


from Segments 26 to 30. 
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Fic. 4. Apparent migration rate in zone electrophoresis of somatotropin and 


ribonuclease as a function of pH. 


The assay data obtained from the tibia test performed on hypophysee- 


tomized female rats are summarized in Table I. 
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does not differ significantly from that of the starting material. In one 
experiment at pH 11.2, the peak was divided into three fractions; these 
fractions were assayed and found to have no significant difference from one 
another with respect to biological potency. 

The apparent rates of migration of the hormone in buffers of different 
pH along with that of the reference protein, ribonuclease, were measured, 
and the results were plotted in Fig. 4. It is evident that the somatotropin 
molecule is less basic than the crystalline ribonuclease when the two are 
compared. 


DISCUSSION 


The advantages of zone electrophoresis conducted in immobilized media, 
over boundary electrophoresis, have been emphasized by Tiselius (9). 
One of its most valuable uses is to ascertain the electrophoretic homogene- 
ity of biologically active substances. It has recently been demonstrated 
(10) that some adrenocorticotropic preparations appear to behave as single 
proteins in boundary electrophoresis, whereas their inhomogeneity can 
easily be revealed by zone electrophoresis with filter paper as the support- 
ing medium.. The electrophoretic studies on starch reported here have 
shown somatotropin to migrate as a single zone. The fact that no differ- 
ence in biological activity among various areas of the zone can be demon- 
strated suggests that the protein is probably the hormone. 

If we take the isoelectric point of crystalline ribonuclease to be pH 7.8 
(11), that of somatotropin may be estimated from the results obtained from 
zone electrophoresis, given in Fig. 4, as follows: 8.3 — (9.3 — 7.8) = 6.8. 
This value is in good agreement with the previous determination by bound- 
ary electrophoresis (1). 

The starch trough used for these investigations can hold as much as 200 
mg. of the hormone protein. If a larger trough were used, there would be 
no doubt that still larger quantities of the protein material could be applied. 
Hence, this procedure could be applicable for purposes of preparation. We 
have already employed the method for the isolation of the active compo- 
nent from the chymotryptic digest of somatotropin. The amount of ma- 
terial eluted from each zone was sufficient not only for biological assay but 
for chemical investigations as well. 


SUMMARY 


The behavior of somatotropin, isolated from the anterior lobe of ox 
pituitaries, in zone electrophoresis on starch has been investigated. The 
data show that the hormone protein migrates as a single zone at pH 4.0, 
9.0, and 11.2, and that there is no biological activity separate from the 
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peak. With crystalline ribonuclease as an index, the isoelectric point of 
somatotropin was estimated to be at pH 6.8. 
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UTILIZATION OF SULFATE SULFUR IN THE RAT FOR 
THE SYNTHESIS OF CYSTINE 


By DOMINIC D. DZIEWIATKOWSKI 


(From the Hospital of The Rockefeller Institute for Medical Research, New York, 
New York) 


(Received for publication, October 1, 1953) 


The major portion of the S** which is retained by the rat after adminis- 
tration of labeled sodium sulfate appears as ester sulfate in mucopoly- 
saccharides (1-4). On the other hand, attempts to demonstrate the 
presence in cystine of S** administered to rats as sulfate have been unsuc- 
cessful (5, 6). However, Bostrém and Aqvist (6) were able to find some 
of the isotope in the taurine isolated from the rat livers. It is possible 
that the S**-labeled taurine had as its precursor S**-labeled cystine synthe- 
sized in the rat. 

The present report deals with a successful demonstration of the conver- 
sion of sulfate sulfur to cystine sulfur in the rat. 


EXPERIMENTAL 


Four groups of young albino rats (Sherman strain) were used. The rats 
in two of the groups were 10 days old. Each of the fourteen rats in one 
of these groups received a single intraperitoneal injection of carrier-free 
S* as sodium sulfate in water.!. The dose was 1 ue. per gm. of body weight. 
Each of the seventeen rats in the second group was similarly treated except 
that the injection was repeated 24 hours later. All of the animals were 
sacrificed by an overdose of ether 24 hours after injection. The experi- 
ment was repeated with rats that were 32 days old. There were seven rats 
in each of the latter two groups. 

The skins plus hair, the internal organs, and the skeletons plus muscula- 
ture of the rats in each group were separately pooled. After being cut into 
small pieces, the tissues were dropped into flasks containing 10 times their 
weight of 95 per cent ethanol. The flasks were shaken occasionally while 
they were maintained at room temperature, about 25°, for the following 24 
hours. The extract was discarded. The treatment was repeated with a 
fresh portion of 95 per cent ethanol for an additional 24 hours and then 
two times more, with ether instead of ethanol. After removal of most of 
the ether by filtration, the tissues were allowed to dry in air for 24 hours. 


1 The S* used in this investigation was supplied by the Oak Ridge National Labo- 
ratory on allocation from the United States Atomic Energy Commission. 
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The tissues were finally dried for 12 hours at 110°, and then they wer 
passed through a meat grinder. 

Each of the tissue samples was hydrolyzed with 6 N hydrochloric acid 
for 6 hours; 25 ml. of the acid were used per gm. of tissue. The exces 
acid was removed by distillation in vacuo, and the pH was then adjusted 
with 10 per cent potassium hydroxide to 4.8 by means of a glass electrode. 
After filtration through a pad of Norit to remove the humin, the cystine 
was precipitated as the cuprous mercaptide according to Rossouw and 
Wilken-Jorden (7). The cuprous mercaptide was isolated by centrifuga. 
tion, washed with 95 per cent ethanol, and then dissolved in a minimal 
volume of approximately 0.25 N hydrochloric acid. After passage of hy- 
drogen sulfide into the solution until no more copper would precipitate, the 
copper sulfide was removed by filtration through a pad of Norit. The 
filtrate was concentrated nearly to dryness by distillation in vacuo. The 
addition of a small volume of water resulted in a clear solution, which was 
neutralized with 10 per cent sodium hydroxide, filtered, and mixed with 
4 times its volume of 95 per cent ethanol. Precipitation was allowed to 
proceed for 24 hours at 0°. The precipitate was isolated by centrifugation 
and washed once with 95 per cent ethanol. It was almost completely dis- 
solved in 3 per cent ammonium hydroxide. The insoluble material was 
removed by filtration, and the resultant clear filtrate was acidified with 10 
per cent acetic acid to about pH 4, as indicated by ‘“‘pHydrion paper.” 
Cystine began to precipitate quickly in each case as typical hexagonal 
plates. Precipitation was allowed to continue for 24 hours at 0°. The 
precipitated material was isolated by centrifugation. It was redissolved 
in a minimal volume of 3 per cent ammonium hydroxide and again precip- 
itated by the addition of 10 per cent acetic acid to about pH 4. After 24 
hours at 0°, the cystine was isolated by centrifugation. It was washed 
.two times with redistilled 95 per cent ethanol and then dried in vacuo over 
P.O; at room temperature. 

To purify the cystine samples further, 30 mg. of each sample were dis- 
solved in 1 N hydrochloric acid and placed on a column of Dowex 50, 1 cm. 
in diameter and 4.5 em. long, in the hydrogen form. Elution with 10 ml. 
of 1 n hydrochloric acid and then with 10 ml. of 4 N hydrochloric acid 
followed. In preliminary experiments it had been determined that, under 
the conditions used in the chromatography, cystine would not be eluted 
by the 1 N acid, but would be eluted by the 4 n concentration of acid (Fig. 
1). One of the most likely contaminants of the cystine samples, namely 
sulfate, was quickly eluted by the 1 N acid. 

The first 10 ml. of solution eluted in each case, therefore, were diluted 
with water, 5 ml. of 0.05 Nn sodium sulfate solution were added, and the 
sulfate was then precipitated from the boiling solution by the slow addition 
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of 5 ml. of 10 per cent barium chloride. The barium sulfate precipitates 
were isolated as previously described (9). 

The second 10 ml. of solution eluted in each case were evaporated to 
dryness in an evacuated desiccator at room temperature, with calcium 
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Fic. 1. Separation of cystine from sulfate on a Dowex 50 column. 1 ml. of N 
hydrochloric acid containing 30 mg. of L-cystine and 10 mg. of S**-labeled sodium 
sulfate was placed on the column of Dowex 50 in the hydrogen form. The column 
was 4.5 em. high and 1 cm. in diameter. Elution with 10 ml. of 1 N and 10 ml. of 4 
n hydrochloric acid followed. The eluates were collected in 1 ml. portions. A 0.2 
ml. aliquot from each 1 ml. sample was taken for the determination of ninhydrin- 
reactive material according to Moore and Stein (8). The aliquots were diluted fur- 
ther when necessary. To the remaining 0.8 ml. of each sample, 5 ml. of 0.05 n sodium 
sulfate and about 100 ml. of water were added. The sulfate was then precipitated as 
barium sulfate and isolated by centrifugation. After washing with water, each 
barium sulfate sample was transferred as a slurry in 70 per cent ethanol to a counting 
cup. The liquid was removed by evaporation, and the samples were counted with an 
end window Geiger-Miiller tube. The thickness of the mica window was 1.5 ml. per 
sq. cm.; the distance of sample to end window was 1 cm. 








chloride and sodium hydroxide as desiccants. The residue was taken up 
in a minimal volume of 3 per cent ammonium hydroxide, the solution was 
filtered, and the filtrate was adjusted to about pH 4 with 10 per cent acetic 
acid. The precipitate of cystine which accumulated in the next 24 hours 
at 0° was isolated by centrifugation. It was washed two times with redis- 
tilled 95 per cent ethanol and then dried in vacuo over P2O; at room tem- 
perature. 

A weighed portion (15.5 mg.) of each cystine sample was oxidized in an 
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electrically operated Parr bomb. The sulfur was then isolated as bariuy 
sulfate by filtration onto tared filter paper disks (9). The radioactivity 
in all the barium sulfate samples was measured with a Tracerlab window. 
less flow counter and a “1000” scaler. 


TABLE I 


S%> Concentration in Cystine Samples Isolated from Tissues of Rats Following 
Intraperitoneal Administration of S*5-Labeled Sodium Sulfate 
All values for radioactivity have been corrected for decay and self-absorption, 














| Before passage 
through Dowex After passage through Dowex 50 column 
50 column 
Sample No. = i aa ae ; 
| Sulfur att Sulfur pat Nitrogen | M.p. 
per cent | c.p.m. | percent | c.p.m. | per cent | c. " 
S-10-1 | 26.39 | 63 | 27.61 61 | 12.13 | 259-260 
S-10-2 27.09 | 133 | 26.58 | 140 | 11.97] 259-260 
C-10-1 26 .64 | 76 | 26.644; 85 | 11.72] 260-261 
C-10-2 27.09 | 132 | 26.13 | 142 | 11.97 | 260-261 
V-10-1 26.13 | 129 | 26.13 | 120 | 11.67 | 259-260 
V-10-2 25.61 | 293 | 28.00 | 267 | 11.48 | 259-261 
S-32-1 | 29.42} 43 | 27.80} 41 | 11.98 | 258-260 
S-32-2 | 28.06 | 52 | 27.61| 47 11.77 | 258-260 
C-32-1 | 25.93 | 49 | 28.13| 42 | 11.83 | 259-261 
C-32-2 | 26.58 | 115 | 25.93} 100 | 11.52 | 250-261 
V-32-1 | 25.22 | 555 | 26.13 | 502 | 11.42! 258-260 
V-32-2 | 25.67 | 855 | 26.00 | 849 | 11.82) 258-260 
Calculated..... | 26.68 26.68 11.66 
Reported...... 258-261 (Decomposition) 


The samples are labeled as follows: S for skin plus hair; V for internal organs; 
* and C for the remainder; that is, skeleton plus musculature. The number after the 
letter indicates the age of the rats in days at the time the S* was initially injected. 
The number which then follows, either 1 or 2, is used to designate the number of 
times 1.0 uc. of S** per gm. of body weight was injected. For example, Sample 
S-10-1 is read as cystine isolated from skin and hair of 10 day-old rats given a single 
injection of S**-labeled sodium sulfate. When two injections were made, these were 
spaced 24 hours apart. The animals were sacrificed 24 hours after the last injection. 


The sulfur content of the cystine samples was calculated on the basis of 
the difference in weight of the filter paper disk with and without the barium 
sulfate precipitate. 

The nitrogen content of the chromatographed cystine samples was de- 
termined by micro-Kjeldahl analysis (10). 

Each of the samples melted with decomposition at between 258-261°. 
Mixed melting points, with an authentic sample of L-cystine, were unde- 
pressed. 
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As a further check, each of the isolated cystine samples was also chro- 
matographed on Whatman No. | filter paper, by means of an ascending 
solvent composed of 90 parts of sec-butanol and 40 parts of 3 per cent 
ammonium hydroxide. No material other than what appeared as cystine 
was found to react with ninhydrin up to sample weights of 100 y. 


Results 


The analytical data on the cystine samples isolated from the different 
tissues of the four groups of rats which had been given S**-labeled sodium 
sulfate intraperitoneally are summarized in Table I. S** was found to be 
present in all of the samples isolated. Chromatography on Dowex 50 did 
not markedly decrease the specific activity of the samples. In the first 
10 ml. eluted from the column (elution with 1 nN hydrochloric acid) S** was 
either absent or present to the extent of only a very few counts per minute 
above background. 

With one exception, samples isolated from rats given the double injection 
showed nearly twice as much of the isotope per mg. of cystine sulfur as did 
the cystine samples from the singly dosed animals. The exception is Sam- 
ple S-32-2. . 

It is also of interest that the S** concentration in the cystine samples 
isolated from the skin plus hair and the skeleton plus musculature of the 
10 day-old rats was higher than in the corresponding samples isolated from 
the tissues of the older animals. The reverse was found to be the case in 
samples isolated from the internal organs. 


DISCUSSION 


In the rat, as in the cow, goat, ewe (11, 12), and in the laying hen (13), 
the conversion of sulfate sulfur to cystine sulfur is demonstrable. The 
fact that the cystine isolated from the tissues of the rat contained S** does 
not necessarily mean, however, that this cystine was synthesized in the rat 
tissues. The bacteria in the intestinal tract were more probably respon- 
sible (14, 15). If the latter were the case, one would expect the highest 
$* concentration in the cystine isolated from the internal organs, a pool of 
tissue made up to a large extent of the intestinal tract and its contents. 
Indeed, as shown in Table I, it is in the samples of cystine isolated from 
the internal organs that the S** concentration was highest. 

The S*, though definitely present in the samples, had not been used to 
any large degree in the synthesis of the cystine. Calculation revealed 
that under the conditions of the experiment only about 0.02 per cent of 
the dose given was found per millimole of the cystine sample with the 
highest S** content, Sample V-32-2 in Table I. 

It has already been remarked that the S** concentration in the cystine 
samples isolated from the skin plus hair and the skeleton plus musculature 
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of the 10 day-old rats was higher than in the samples isolated from the 
corresponding tissues of the 32 day-old rats. This is a reasonable finding 
on the premise that the younger animals are laying down protein at a more 
rapid rate than the older animals are. This finding too, when considered 
together with the fact that very little of the given dose of S** was found 





in any of the cystine samples, may in part explain the failure of Tarver 
° " 

and Schmidt (5), and more recently of Bostrém and Aqvist (6), to demon- 

strate the conversion of sulfate sulfur to cystine sulfur in rats much older 


than the ones used in the experiments reported here. Both groups of 


workers probably also decreased their chances of demonstrating the con- 
version by the use of carrier sulfate (14, 15). 


SUMMARY 


After the intraperitoneal administration of carrier-free S** in the form 
of sodium sulfate to young albino rats, the S** was shown to be present to 
a small extent in the cystine isolated from the skin plus hair, the skeleton 
plus musculature, and the internal organs. Only about 0.02 per cent of 
the dose was found per millimole of the cystine sample with the highest 
S* content. 


The advice of Dr. W. H. Stein in regard to the use of Dowex 50 is grate- 
fully acknowledged. It is likewise a pleasure to express my appreciation 
to Dr. R. M. Archibald for a critical reading of the manuscript and to 
Miss Marjorie Geen for technical assistance. 
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STUDIES ON ADAPTIVE ENZYME FORMATION IN MAMMALS 
I. GALACTOSE METABOLISM* 


By PHILIP FEIGELSON anv FRANK P. CONTE 


(From the Department of Biochemistry, Fels Research Institute, Antioch College, 
Yellow Springs, Ohio) 


(Received for publication, September 3, 1953) 


The phenomenon of adaptive enzyme formation, 7.e. the dependency of 
enzyme level upon substrate concentration, has been well documented in 
microorganisms (1-3). Non-multiplying cultures of microorganisms raised 
in a medium rich in a particular substrate often develop an increased 
ability to metabolize the substrate. There is little information, however, 
indicating whether this phenomenon of adaptive enzyme formation occurs 
in higher forms of life. 

Gordon and Roder recently reported that adenosine deaminase activity 
of chick embryos increased after adenosine injection (4). The most per- 
tinent study on Mammalia is that of Knox and Mehler, which demon- 
strated that, after the administration of tryptophan, tyrosine, phenylala- 
nine, or histidine to rats or rabbits, tryptophan peroxidase, an enzyme 
involved in tryptophan catabolism, increased in concentration (5). There 
are several enzyme systems which are known to vary in tissue activity with 
changing protein intake: p-amino acid oxidase (6), arginase (7), and xan- 
thine oxidase (8,9). Interpretation of these latter observations as examples 
of adaptive enzyme formation seems hazardous; the enzymes themselves 
being proteins, factors altering protein synthesis, such as protein intake, 
may influence enzyme synthesis non-specifically. 

There exists, therefore, but little direct evidence concerning the ability 
of mammals to develop increased enzyme concentration adaptively in 
response to a stress induced by high substrate levels. The object of this 
study is to ascertain the degree to which adult rats fed diets containing 
varying levels of galactose, for a prolonged period of time, can adaptively 
increase their ability to metabolize galactose. 


EXPERIMENTAL 


Adult male albino rats of the Sprague-Dawley strain, weighing from 
135 to 165 gm., were divided into three experimental groups of animals. 
* Supported by a grant from the National Science Foundation. 


+ Present address, Biology Division, Oak Ridge National Laboratory, Oak Ridge, 
Tennessee. 
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The animals were fed ad libitum a synthetic ration containing the f ollowing 
components, expressed in per cent: casein, 18; ‘‘vitamin mix,” 2 (9); Salts 
IV, 4 (10); corn oil, 5; and sucrose to make 100 per cent. Experimental 
Groups I, II, and III received 0, 10, and 20 per cent galactose, respectively, 
in place of an equivalent amount of sucrose. In addition, 2 drops of 
fortified fish oil per week were administered orally to each animal. At the 
end of a 4 week feeding period, the animal’s ability to metabolize a test 
dose of galactose was measured. Rations were removed for 12 hours to 
permit urinary excretion of galactose of Groups IT and III to cease. Aj] 
of the animals were then given 0.75 gm. of galactose per 100 gm. of body 
weight by stomach tube and placed in metabolism cages. Their urine 
was collected for 24 hours under toluene. The galactose concentration of 
the urine was determined after yeast fermentation by a method previously 
described (11). 

As a more sensitive measure of the rate of galactose catabolism, 0.36 mg. 
of C'*-1-galactose' (285,000 c.p.m.) in 0.5 ml. was injected intraperitoneally 
into the experimental rats, which were then placed in the metabolism ap- 
paratus described by Jackel et al. (12, 13). The expired CO, of each 
animal was collected for 1, 2, 3, 5, and 7 hours following the injection. 
Duplicate aliquots were precipitated as BaCOs, collected on filter paper, 
dried, weighed, and counted with a thin window Geiger-Miiller tube (12). 
Sufficient counts were made to reduce the counting error to less than +2 
per cent; the counts were corrected for background and self-absorption and 
expressed as counts per minute at “infinite thinness.” The curves pre- 
sented are the means of three to four animals of each experimental group 
following 22 weeks on experimental rations. 

Direct measurements of the galactolytic and glucolytic enzyme levels in 
the red blood cells of the experimental animals were made by a modified 

‘procedure of McKee et al. (14). A washed red blood cell suspension was 
prepared as follows: Blood was removed from unanesthetized animals by 
cardiac puncture into a heparinized syringe and centrifuged at 0° at 4000 
r.p.m. for 5 minutes, the plasma was discarded, the red blood cells were 
suspended in 4 volumes of cold phosphate-Locke’s solution and recentri- 
fuged at 4000 r.p.m. for 5 minutes, the supernatant fluid was discarded, 
and red blood cells were finally suspended in 2 volumes of cold phosphate- 
Locke’s solution. The number of red cells present was determined with a 
hemocytometer. 

The main compartment of each Warburg flask contained 1.0 ml. of the 
red cell suspension, 3.57 mg. per cent of methylene blue, 0.001 m adenosine- 
triphosphate, and phosphate-Locke’s solution to make the total volume 
to 2.3 ml.; the side arms contained either 0.5 ml. of 0.033 m hexose or 0.5 


1 Supplied by the National Bureau of Standards. 
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ml. of phosphate-Locke’s solution. The center well contained 0.2 ml. of 
10 per cent KOH. Phosphate-Locke’s solution was the solvent for the 
adenosinetriphosphate, methylene blue, and hexose solutions. The flasks 
were incubated at 37.5°; the gaseous phase was air. After thermal equi- 
libration, the contents of the side arms were added to the main compart- 
ment, and oxygen uptake was recorded for 120 minutes. Glucolytic and 
galactolytic activities were calculated from the linear portion of the oxygen 
uptake curves after subtraction of the-activity of control flasks. The re- 
sults are expressed as microliters of O2 uptake per 10'° red blood cells. 


RESULTS AND DISCUSSION 


The results of the study testing the physiological ability of the whole 
animal to metabolize non-labeled galactose are shown in Table I. The 
urinary excretion approximated 50 per cent of the dose administered, con- 


TABLE I 


Urinary Excretion of Test Dose of Galactose by Rats Raised on Diets Containing 
Varying Levels of Galactose 


Per cent of administered dose of 


Group No. i Per cent galactose in ration No. of rats galactose excreted 
I 0 5 51.7 + 7.8 

II 10 6 48.0 + 6.9 
III 20 7 52.0 + 9.5 


firming previous findings (11). However, all of the rats irrespective of 
previous dietary exposure to galactose metabolized the same fraction of the 
test dose, indicating no adaptively increased ability to metabolize galactose. 

To preclude the possibility that a decrease in galactolytic potentiality 
had occurred during the 12 hour pretest fast employed in the previous 
experiment, and to obtain more accurate kinetic data on the rate at which 
galactose was being metabolized, C'-labeled galactose was administered to 
rats immediately after their removal from experimental rations. C'-1- 
Galactose was administered intraperitoneally and the rate at which the C“ 
appeared as respiratory CO, determined. The results, presented in Fig. 
l, are expressed in a cumulative plot as the per cent of the administered 
radiocarbon appearing as C'*O, versus the time following injection of the 
isotope. Fig. 2 depicts the rate of radiocarbon expiration expressed as the 
specific activity of the expired CO:. No significant differences exist in the 
rate at which the galactose was oxidized by animals of different experi- 
mental groups. During the Ist hour there was a lag in CO, output. 
This, however, accelerated, reaching its maximal rate during the 2nd hour, 
and thereafter diminished progressively with time. 3 hours following ad- 
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ministration approximately 50 per cent of the radiocarbon was expired x 
CO; after 7 hours approximately 70 per cent of the activity was expired: 
thereafter, the curves level off, indicating that little more will be expired, 
Rat urine excreted during the test period contains considerable radioge. 
tivity, suggesting that there is no significant renal threshold for galactog 
and that significant fractions of the 0.36 mg. of C“-1-galactose administered 
were excreted in the urine. 
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Fic. 1. Rate of oxidation of C'-1-galactose by rats raised on diets containing 
varying levels of galactose. 


Direct measurements were made of the galactolytic and glucolytic en- 
zyme activities in the red blood cells of the experimental animals. This 
tissue was chosen, as the red cells in Groups II and III were continuously 
bathed for 22 weeks in plasma containing a high galactose level. Under 
conditions of prolonged exposure to high substrate concentrations, one 
might anticipate adaptive enzyme formation should the tissue be capable 
of responding in this manner. The results shown in Table II indicate that 
the red cells from animals of each group metabolized galactose at the rate 
of 50 to 53 ul of O2 per hour per 10! red blood cells and metabolized glu- 
cose at approximately twice this rate. There were no significant varia- 
tions in red blood cell levels of galactolytic or glucolytic enzymes as a func- 
tion of the previous dietary history of the animals, indicating again that 
galactose-metabolizing enzymes are not formed adaptively. Furthermore, 
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the animals of Group I, which had not ingested galactose for many months, 
till possess a high galactolytic enzyme level. It has been demonst rated, 
by a sensitive isotope dilution technique, that no endogenous production 
of galactose occurs in the adult male rat (15). Thus, this highly specific 
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Fic. 2. Specific activity of respiratory carbon dioxide following administration 
of C''-1-galactose to rats raised on diets containing varying levels of galactose. 


TABLE II 
Metabolism of Galactose and Glucose by Washed Red Blood Cells 
Six rats in each experiment. 


i, < : 10 bl Ils 
Per cent galactose ul. O2 per hr. per 10!° red blood cells 


Glucose catabolism 
in ration 





~ |Galactose catabolism 


Galactose catabolism Glucose catabolism . 
ee “ | 
| | | 
0 53.4 + 12.1 | 114.9 + 21.4 | 2.15 
10 51.5 + 17.8 110.7 + 12.7 2.15 
20 50.3 + 23.4 134.0 + 21.3 2.66 
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enzyme system seems to be maintained at high levels in vivo during th 
prolonged absence of its substrate. 


Studies were made to determine whether prolonged high galactose intaly 
resulted in adaptive enzyme formation in adult rats. The results indica, 
that all the rats, irrespective of previous galactose intake, possess identic 
levels of tissue galactolytic enzymes as well as equivalent physiologig 
abilities to metabolize test doses of galactose. The galactolytic enzyn 
system is present at high levels in tissues during prolonged absence of i 


dependent upon substrate concentration. 
This study does not provide evidence of adaptive enzyme formation jy 
adult Mammalia. 
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THE MECHANISM OF RIBOSE FORMATION IN 
SSCHERICHIA COLI* 


By MARY C. LANNINGt anno SEYMOUR 8. COHEN 


(From the Children’s Hospital of Philadelphia (Department of Pediatrics), 
and the Department of Physiological Chemistry, School of Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, October 15, 1953) 


Metabolic pathways by which ribose may be formed have been studied 
in this laboratory (1, 2). There is now ample proof of the existence in 
many organisms of enzyme systems able to form ribose-5-phosphate from 
glucose-6-phosphate with intermediate stages of 6-phosphogluconate and 
ribulose-5-phosphate. Recent studies on the metabolism of ribulose-5- 
phosphate have shown that it may be split by a transketolase into triose 
phosphate, and an active 2-carbon moiety that reappears at the hexose or 
heptulose level (3-6). This enzyme has been demonstrated in yeast, rat 
liver, and plant tissue, and in two cases the synthesis in vitro of ribulose-5- 
phosphate has been achieved by the action of this enzyme in the presence 
of glyceraldehyde-3-phosphate and either t-erythrulose or hydroxypyru- 
vate. Although the true biological donor of the ketol fragment is not yet 
known, a synthetic action of the transketolase must be considered as a 
possible source of ribulose. 

The hypothesis that ribose formation represents a synthesis from smaller 
molecules was the basis for the demonstrations of enzymatic synthesis of 
pentose in vitro by aldolases of animal and plant origin from triose phos- 
phate and glycolaldehyde. However, the product of these syntheses was 
xyloketose-1-phosphate (7), and a direct synthesis of the ribose configura- 
tion by an aldolase is not likely. 

Two studies of the incorporation in vivo of small molecules into the ribose 
of rat liver ribose nucleic acid have been made. The carboxy] carbon atom 
of glycine has been shown by Low to contribute to the carbon of the pen- 
tose (8), but the fact that the specific activity of the isolated ribose was 
less than that of the mixed polynucleotides suggests that the incorporation 
of glycine carboxy] into ribose is via a less direct route than its incorpora- 
tion into the 4 position of the purine bases. The incorporation of doubly 


*The work described in this paper was conducted under a grant from the Com- 
monwealth Fund. 

t The data in this paper are taken from a thesis to be submitted by Mary C. Lan- 
ning to the Graduate School of Arts and Sciences of the University of Pennsylvania 
in partial fulfilment of the requirements for the degree of Doctor of Philosophy. 
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labeled acetate into ribose was also studied by Low, who showed that its 
2 carbons were not incorporated as a unit (9). 

A study in vivo by Bernstein is pertinent to the question of the pathway 
of ribose synthesis (10). After administration of carboxyl-labeled acetate 
to the chick, he showed that the C; and C, atoms of the glucose isolate 
from glycogen were equally labeled. However, the C; of ribose derived 
from nucleic acid contained a greater amount of radioactivity than the (, 
atom. This finding is inconsistent with the hypothesis that the 5-carbon 
chain of ribose arises directly from glucose after loss of C,. 

Escherichia coli has been shown to contain enzymes of the phospho. 
gluconate pathway; it has been estimated that, under conditions of aerobie 
growth in a synthetic medium where glucose is the sole carbon source, from 
16 to 38 per cent of the metabolized glucose was degraded via this pathway 
(11). However, under conditions of bacteriophage infection when no f- 
bose nucleic acid is synthesized, the amount of glucose degraded by this 
pathway is reduced, supporting the hypothesis that in EF. coli ribose is 
formed directly from glucose by loss of its C)-carbon atom. Glucose-1-C¥ 
was used to provide more conclusive evidence for the origin of ribose in 
this organism. 


Methods 


Growth of Bacteria—E. coli, strain B, was grown in a well aerated syn- 
thetic medium (12) supplemented with 1 mg. per cc. of glucose-1-C" as 
the sole carbon source. After an initial lag period, growth was exponential 
with a division time of 55 minutes. The cells were harvested when a 
break in the growth rate indicated that the glucose was exhausted. The 
initial titer in these experiments was 5.6 X 10’, and the final titer 9 X 10 
To a suspension of washed cells, trichloroacetic acid was added to give a 
. concentration of 5 per cent. The resulting precipitate was washed with 5 
per cent trichloroacetic acid, alcohol, and ether, and dried. The ribose 
nucleotides were obtained from this dried material by the procedure of 
Schmidt and Thannhauser (13). The desoxyribose nucleic acid could be 
obtained from the acid-insoluble fraction by the extraction procedure of 
Ogur and Rosen (14). These procedures showed that the dry material was 
12 to 15 per cent ribose nucleic acid, and 3 to 4 per cent desoxyribose nu- 
cleic acid. Yields for the individual steps in a typical experiment are 
shown in Table I. 

Purification of Ribose Nucleotides—The silver salts of the nucleotides 
were precipitated from the ribose nucleic acid fraction of the Schmidt- 
Thannhauser procedure after adjustment to pH 7.5. This precipitate was 
washed and decomposed with H.S. Analysis of the resulting solution 
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showed a molar ratio of total phosphorus (15) to orcinol-reactive ribose 
(16) of 1.4. 
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Preparation of Furfural—The nucleotide solution was made 9 N with 
H,S0,, and steam-distilled with maintenance of approximately constant 
yolume. Under these conditions theoretical recovery of furfural may be 
expected from purine-bound ribose, but experiments showed that very 
little furfural was obtained from the pyrimidine nucleotides unless the 
yolume of the mixture was permitted to decrease slowly by one-third to 
one-half, until slight darkening occurred and acid fumes began to appear. 
After the first 200 cc. of distillate were collected, this concentration was 
routinely made. In this way, 75 to 80 per cent of the theoretical yield 
of furfural from uridylic acid and 60 to 65 per cent from cytidylic acid 
may be obtained. 

Conversion of Furfural to Derivative for Radioactivity Determination—The 
method of Low (8) involves an oxidation of furfural to furoic acid by use 
of ammoniacal silver, with subsequent purification of the derivative by 


TaBLe I 
Furfural 2,4-Dinitrophenylhydrazone Obtained As Derivative from Cells of E. coli 











No. of cells city : ; iaithcsambciasitel Winiaintnitaitath in lan-'a aetna 5.4 X 10" 
I MR ONES 6c <isissssavianKnt aed dienes Ves itvenedsveesatencenvereeesee 169 
Ribose nucleic acid nucleotides, total P, um....................... 69.5 

« “ " - ribose (orcinol-reactive), uM...... 48.2 

as " ** in acid ppt., % (calculated from P = 9.52%).... 12.2 
ee ek Se BE tn a pe eee hae eae 49.9 

“ 2,4-dinitrophenylhydrazone, red form, wM............... 39.6 

e *) yellow form, uM............ 5.0 








sublimation. We experienced difficulty in the use of the published method, 
and modified the oxidation conditions. It was found necessary to use a 
large excess of the freshly prepared ammoniacal silver solution (approxi- 
mately 150 X theoretical) and a heating period of at least 30 minutes at 
80°. The furoic acid solution obtained after removal of the silver did not 
have the absorption spectrum of pure furoic acid. Some purification was 
possible by ether extraction of the furoic acid from the crude solution, but 
the best preparations still showed ultraviolet absorption at low wave- 
lengths in addition to the 2450 A maximum. Difficulties undoubtedly 
arose from the scale of the operations. The available amounts of pentose 
nucleic acid were approximately one-fifth those used by Low, and final puri- 
fication by sublimation was impractical. Although some of our results 
were obtained by isolation of furoic acid, the following preferred procedure 
was developed. 

Preparation and Isolation of 2,4-Dinitrophenylhydrazone of Furfural— 
The 2 ,4-dinitrophenylhydrazone of furfural has been shown by Bredereck 
(17) to occur in two forms, thought to be the cis and trans isomers. Ab- 
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sorption spectra of specimens prepared by us according to the procedurg 
of Bredereck are shown in Fig. 1. Derivatives obtained by the chromaty 
graphic procedure to be described below also have these absorption spect, 
The 2 ,4-dinitrophenylhydrazone derivative was obtained from the furfurgl. 
containing distillate by addition of a hot solution of 5 times the theoreti 
cally required amount of 2,4-dinitrophenylhydrazine in 10 cc. of 01, 
HCl. The mixture was warmed on a hot-plate until it became cloudy, anj 
then cooled overnight. The precipitate was collected in a sintered glag 
crucible; on a weight basis the yield of this crude derivative was quanti. 
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Fig. 1. Absorption spectra of the isomeric furfural dinitrophenylhydrazones 


tative. Purification was accomplished by column chromatography of a 
CHC1;-CsHe (1:1) solution on alumina. Commercial CHCl; had to be 
freed of alcohol, and used before formation of phosgene occurred; commer- 
cial benzene was redistilled. The alumina used was that marketed by 
Merck and Company, Inc., for chromatographic work; it was washed with 
0.2 m NaHCO;, H,0, 0.1 n HCl, HO and methanol, air-dried, and finally 
activated at 150°. Freshly activated alumina held the hydrazone deriva- 
tive too firmly, requiring excessive development of the column; the ab- 
sorbancy of the alumina was decreased by exposure to the atmospheric 
humidity. An arbitrary test was used to estimate absorbancy. 2 gm. of 
alumina in a 44 X 7 mm. column should permit recovery in 8 cc. of eluate 
of 0.25 mm. of furfural 2 ,4-dinitrophenylhydrazone (red form) placed on 
the column in 0.5 cc. of the solvent mixture. Alumina meeting this test 
was stored in a tightly closed bottle. 
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Development of the crude furfural 2,4-dinitrophenylhydrazone on an 
alumina column (33 X 85 mm.) by the CHCl;-CsH¢ mixture revealed four 
components. The fastest moving component on the column was the “‘yel- 
low” or lower melting form of the derivative; the “red” form moved more 
slowly, and on an alumina column of the proper degree of absorbancy and 
sufficient length the two were sharply separated. A third component 
moved on the column very slowly when the developing solvent was alcohol- 
free; after removal of the first two components, this could be accelerated 
by addition of as little as 1 per cent ethanol to the developing solvent. 
This component was always small in amount and was not identified. In 
addition to the components described, some material was strongly absorbed 
at the top of the column, and could not be eluted with organic solvents. 
It could be recovered by extrusion of the absorbent, evaporation of the 


Taste II 


Radioactivity of Derivative of Ribose of Ribose Nucleic Acid Obtained from 
E. coli Grown in Synthetic Medium Supplemented with Glucose-1-C™ 








Glucose-1-C™ | 











Roget added to growth Derivative prepared Derivative Renae 
| 
| C.p.m. per um bm. per pan per cent 
a 2028 2,4-Dinitrophenylhydrazone | 6572 31.7 
XI 2018 | - 547 27.1 
VII 1270 | Furoic acid | 248 19.5 
VIII | 420 ” = 86 20.5 





organic solvents, and extraction with 0.2 m NaHCO;. This behavior is 
typical of the acidic hydrazones (e.g. levulinic acid 2,4-dinitrophenyl- 
hydrazone). However, the material was not homogeneous, as shown by 
its separation into several bands by development on the column with 
aqueous-ethanol mixtures. It was not further investigated. 

Identity of the two furfural 2,4-dinitrophenylhydrazone fractions was 
checked by examination of their ultraviolet absorption in ethanol solution. 
The red form of the derivative was always in excess; when prepared as 
described above, it constituted 85 to 90 per cent of the total. 

Radioactivity Determinations—A dioxane solution of furfural 2 ,4-dinitro- 
phenylhydrazone was spread directly on aluminum planchets and counted 
with a windowless gas flow counter flushed with a helium-isobutane mix- 
ture. Counts ranging from 3 to 30 times the background were made over 
periods long enough to reduce the counting error to 5 per cent. The den- 
sity of material on the planchets did not exceed 0.15 mg. per sq. cm., and 
no corrections were made for self-absorption. The p-glucose-1-C", ob- 
tained from Dr. Isbell of the National Bureau of Standards, was similarly 
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plated; that used in Experiments X and XI was diluted in dioxane, whik 
in Experiments VII and VIII the glucose and the furoic acid were plate 
as aqueous solutions. 

Radioactivity values obtained in four experiments are shown in Tabk 
II. The furoic acid derivatives were 20 per cent as active per mole as the 
initial glucose; the more reliable values obtained for the 2 ,4-dinitrophenyl. 
hydrazone derivatives average 29 per cent. 


DISCUSSION 


In evaluating the above results, the following postulates were made. 
If the ribose of ribose nucleic acid is formed by a C; + C2 condensation, if 
the C; fragment is derived from glucose by the Embden-Meyerhof path. 
way, and if it is assumed that glyceraldehyde-3-phosphate equilibrates 
with dihydroxyacetone phosphate by the well known isomerase reaction, 
the C“ content of the triose phosphate should be 50 per cent of the labeled 
glucose-1-C". The Cz fragment would probably be equally radioactive, 
since all known reactions which generate a C2 fragment from triose phos- 
phate involve the conservation of the carbon atom derived from the C, of 
glucose, e.g. the conservation of the methyl carbon of pyruvate in acetate 
and acetaldehyde. However, it is not known whether the C. fragment 
used in the condensation is derived similarly, but if it is, the ribose will 
contain 100 per cent of the activity of the glucose. 

On the other hand, if the ribose is formed directly from glucose-1-C™ via 
the phosphogluconate pathway, the C, is lost and the ribose should be u- 
labeled. However, if ribulose-5-phosphate, derived from the phospho- 
gluconate pathway, equilibrated with triose phosphate derived from the 
Embden-Meyerhof pathway, isotope could be incorporated into ribulose 
and ribose in this way. 

In view of these considerations, the low isotope content of the ribose 
(20 to 30 per cent) indicates that most of this pentose was formed via a 
pathway in which the C, of glucose was lost. However, a part apparently 
was derived from a C; + C: condensation, but it is not evident at present 
whether this involved the equilibration of ribulose phosphate with triose 
phosphate or net synthesis of the ribulose phosphate by such a condensa- 
tion. The estimation of the utilization of the phosphogluconate pathway 
(16 to 38 per cent of all glucose metabolized) by E£. coli under conditions 
comparable to those of these experiments indicates that the amount of 
ribulose-5-phosphate generated by this pathway is more than that needed 
for ribose formation (11). 


SUMMARY 


1. A new method is described for isolation of a pure derivative of the 
ribose moiety of small quantities of ribose nucleic acid. 
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9. This method has been employed in studying the radioactivity resident 


in 


ribose synthesized by Escherichia coli with p-glucose-1-C™ as the sole 


carbon source. 
3. The results are consistent with the hypothesis that in this organism 
the major pathway of ribose synthesis from glucose involves a splitting off 


of 


the C; atom of the hexose. However, this does not appear to be the 


only mechanism utilized. 


aaorwnr 
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STUDIES ON THE GROSS STRUCTURE, CROSS-LINKAGES, 
AND TERMINAL SEQUENCES IN RIBONUCLEASE 
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(From the Laboratory of Cellular Physiology, National Heart Institute, and the 
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(Received for publication, October 2, 1953) 


Previous studies (1, 2) have shown an asymmetric labeling of amino acids 
derived from different points along the chains of radioactive proteins. 
These results have suggested, as one major possibility, that proteins are 
synthesized by an assembly mechanism involving the condensation of 
preformed peptide fragments not in ready equilibrium with the pools of 
free amino acid. An attractive corollary of this general hypothesis is 
that such fragments may serve as common building blocks for a number of 
proteins. 

The studies of Sanger and his collaborators (3, 4) have elucidated the 
amino acid sequences in the insulin molecule and have made available 
methodology (3, 5) for similar studies on other proteins. The present 
report deals with the progress to date of our investigations on the fine and 
gross structures of ribonuclease, particularly in regard to N and C terminal 
sequences and the nature of the cross-linkages in this single chain protein. 
It is hoped that, as comparison of the fine structure of these two pancreatic 
proteins becomes possible, a more rational basis for experiments on pro- 
tein synthesis in this tissue can be devised. 


Materials and Analytical Methods 


The homogeneity of each lot of commercial crystalline ribonuclease 
(Armour and Company or Worthington Biochemical Laboratory) used 
in these studies was checked ultracentrifugally, and, in most cases, by 
electrophoresis. These preparations showed a single N terminal amino 
acid (lysine) by the dinitrofluorobenzene (DNFB) method. Their specific 
enzyme activity corresponded to the accepted values in the literature (6). 
Analytical values obtained for phenylalanine (7) (3 residues per mole) and 
for cysteine estimated as cysteic acid (8 residues per mole) agreed within 
5to 10 per cent with the values obtained on ion exchange columns by Hirs, 
Moore, and Stein. 


The preparations of pepsin, chymotrypsin, and trypsin used for degrada- 


'Hirs, W., Moore, S., and Stein, W. H., personal communication. 
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tion were crystalline commercial products. Worthington carboxypep. 
tidase was recrystallized eight times and treated (8) with diisopropy| 
fluorophosphate (DFP) before use. 

In view of the laborious and time-consuming nature of the commonly 
used methods for ribonuclease assay, a rapid and fairly accurate proceduy 
was developed for use in these studies. Ribonuclease (0 to 14 y) in 1.5 
cc. of 0.1 M acetate buffer, pH 5.0, is added to 1.0 cc. of yeast nucleic acid 
(Schwarz) dialyzed 48 hours against water, final concentration 0.8 per 
cent. After incubation for 25 minutes at 25° the reaction is stopped with 
0.5 cc. of 0.75 per cent uranium acetate in 25 per cent perchloric acid, 
Following removal of precipitated protein and substrate by centrifugation, 
0.10 cc. of the supernatant fluid is diluted to 3.1 cc. with water and read 
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Fig. 1. Calibration curve for the determination of ribonuclease activity 


at 260 my in the Beckman spectrophotometer. A standard curve with 
. known levels of pure ribonuclease is run with each set of determinations, 
although this is probably unnecessary in view of the excellent reproduc- 
bility of the procedure (see Fig. 1). Correction is made for the reagent 
blank determined by incubation without enzyme. This blank increases 
slowly during storage of the substrate in the cold, but appears to have no 
effect on reproducibility. The method gives linear results up to 0.60 
Kunitz unit (45 units per mg. of ribonuclease). The data of Fig. 1 indicate 
the stability of the reagents employed over a 6 month period. 


Results 


Gross Structure—The ribonuclease molecule is characterized by a high 
degree of geometrical symmetry. Its low f/fy ratio ((9) and Table I) and 
unit cell dimensions (30 X 18 X 48 A (10)) indicate the probable presence 
of an extensive system of cross-linkage. Earlier chemical studies by Brand 
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and his colleagues (11) and other experiments from this laboratory (12) 
made possible calculations suggesting the presence of three N terminal 
groups, and consequently three peptide chains per mole (mol. wt. 13,500). 
The N terminal and C terminal end-group analyses reported below, how- 
ever, point almost certainly to a single chain structure, and this con- 
clusion is confirmed by ultracentrifugal and diffusion experiments. Native 
ribonuclease sediments, under the conditions described in Table I, with an 
$0, Of 1.9 to 2.2 (see also (9, 12)). Following treatment with performic 


TaBLe I 
Physical and Chemical Data on Native and Oxidized Ribonuclease 





Chemical data Physical data 

















Ribonuclease aaa 3 i 
L sat sou] sor sone | Bettie | Dae x| amex | cateuata [Mg 
| per mole | per mole perce. | 107 1013 | ‘mel we. fe 
| 
—_—_—_——_—_——_———__ — | | - | —— | ——___—___— | 
| | mg. | gm. per mole | 
| | 
Native........| 0 | 0 150 9.9 1.88 15,800 1.31 
Oxidized... .. .| 0 7.8 + 0.1 | 90 72 | 18 15,800 | 1.87 


Native ribonuclease and oxidized enzyme prepared as described in the text were 
dialyzed overnight against phosphate buffer, '/2 = 0.1, pH 7.2. 820.0. was deter- 
mined in the Spinco ultracentrifuge and Doo,. in the Aminco-Stern electrophoresis 
apparatus with boundary sharpening by the method of Kahn and Polson (33). The 
analytical data of Hirs, Moore, and Stein indicate a molecular weight of about 13,500 
gm. per mole. Upon performic acid oxidation, this value should increase 500 to 
1000 gm. per mole owing to introduction of oxygen into cysteine, methionine, and 
tyrosine residues. The data above have been chosen from an experiment in which 
all figures reported were derived from studies on a single batch of enzyme. Calcula- 
tions of moles are based on finite concentrations of protein. These data, when com- 
pared with those of Rothen (9), indicate the desirability of more extensive studies on 
the physical properties of ribonuclease, particularly in regard to diffusion measure- 
ments, and the estimation of frictional ratios; such experiments are being carried 
out by one of us (W. R. C.). 





acid, this constant falls to 1.35. Such a change in sedimentation might 
be accounted for either by oxidative division of the molecule into two essen- 
tially equal fragments or by rupture of cross-linking disulfide bonds, re- 
sulting in the production of a derivative so coiled as to impart greater 
frictional characteristics. Although the first alternative is almost ruled 
out by the fact that dialysis of oxidized ribonuclease results in no loss of 
nitrogen from the dialysis sac, this point was more thoroughly established 
by diffusion measurements. Table I summarizes the data from an experi- 
ment in which the molecular weights of native and performic acid-treated 
ribonuclease are compared. Ribonuclease contains 8 cysteine residues,’ 


* The presence of 8 cysteine residues permits the theoretical presence of sixteen 
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all bound in disulfide linkage as evidenced by the absence of —SH groups 
when tested by the method of Boyer (14). Solution in 85 per cent formic 
acid for 30 minutes at room temperature causes minimal, if any, change 
in the protein, since, upon removal of the solvent in vacuo, the enzyme 
activity is essentially completely recovered. The presence of H.O2 during 
this 30 minute period (1 part of 30 per cent H,O2 to 9 parts of HCOOH), 
however, results in the complete oxidation of cysteine sulfur to the cysteic 
acid form. Thus, following hydrolysis in a sealed tube with 6 N acid, 8 
moles of cysteic acid per mole of protein (Table II) can be separated chro- 
matographically on Dowex 50 columns (H+ form, pH 7) (13) and deter. 
mined colorimetrically (15). 

The above results strongly suggest that this protein is cross-linked 
through four disulfide bridges. The physical studies described above and 


TABLE II 
Number of Cysteine Residues per Mole of Ribonuclease 











Experiment No. ~~ a Cysteic acid determined Cyetgis oct ove uM 
| uM | uM | uM 
1 0.0722 0.563 7.8 
| 0.504 | 3.90 7.7 
3 0.119 0.940 7.9 





In Experiment 1, ribonuclease calculated from the Kjeldahl nitrogen value, as” 
suming 13,400 gm. per mole of ribonuclease and 16.5 per cent nitrogen. In Exper- 
iments 2 and 3, ribonuclease calculated from the dry weight of sample. All values 
corrected for 10 per cent Joss of cysteic acid during oxidation of protein (34). 


the end-group analysis below lead one to the tentative postulation of a 
gross structure, such as is depicted in Fig. 2. Some support for this gen- 
eral picture is derived from the x-ray diffraction experiments of Carlisle 
and Scouloudi (10) which indicated five crystallographic chains. Com- 
plete amino acid analyses by Hirs, Moore, and Stein! lead to an estimate of 
121 amino acid residues per mole of ribonuclease. Thus in this prelimi- 
nary suggestion, each of the five peptide folds depicted should contain, 
on the average, 24 amino acid residues with disulfide cross-links as in- 





dipeptide sequences of this amino acid in ribonuclease. Using the general method 
described by Flavin (13), we have, at present, direct, degradative evidence for seven 
different cysteic acid sequences from a considerably larger family of chromatograph- 
ically separable di- and tripeptides of this amino acid. 

In a more recent paper (16), Carlisle, Scouloudi, and Spier state that further 
examination of the x-ray data suggests the presence of six crystallographic chains 
rather than five. We have, nevertheless, schematized the molecule as shown in Fig. 
2, with five folds, since the present chemical data are compatible with such a struc- 
ture. 
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dicated. It is clear that such a general structure, when further spatially 
compressed by arrangement of the peptide chain in the a-helix coils sug- 
gested by Pauling and Corey (17), would result in a highly compact, sym- 
metrical molecule. The presence of 4 proline residues! in a five fold struc- 
ture is also compatible with the postulated (18) réle of this amino acid as 
a center of direction reversal in peptide chains. 

N Terminal Residue of Ribonuclease—Dinitropheny] ribonuclease (DNP 
ribonuclease) was prepared according to the usual methods for DNP pro- 
tein (5). 

Acid hydrolysis was performed either in concentrated HCl or constant 
boiling HCl in sealed tubes at 105° for varying intervals of 2 to 18 hours. 
Identification of the DNP amino acids was made by paper chromatog- 
raphy, by the systems of Blackburn and Lowther (19), Biserte and Os- 
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Fig. 2. Generalized gross structure of ribonuclease 


teaux (20), Monier and Pénasse (21), and finally the two-dimensional 
technique of Levy.‘ For quantitative determination, the DNP spots were 
eluted with 1 per cent sodium bicarbonate and their absorption measured 
at 350 my in the Beckman spectrophotometer (20, 22). 

As previously reported (23), bis-DNP lysine was the only DNP amino 
acid detected in the ether extracts of the hydrolysates. No a-DNP argi- 
nine or bis-DNP histidine could be detected in the aqueous phase. 

Determination of Moles Bis-DNP Lysine per Mole DNP Ribonuclease— 
Weighed samples (approximately 0.15 to 0.2 um of DNP ribonuclease 
dried over P.Os) were submitted to acid hydrolysis at 105° in sealed tubes 
with 0.5 cc. of constant boiling HCl. After 2, 5, and 8 hours, duplicate 
samples were diluted with water, extracted with ether, and chromato- 
graphed by the two-dimensional technique of Levy.‘ Duplicate 0.20 
uM aliquots of a standard bis-DNP lysine solution were subjected to the 
same procedures, and the unknowns compared to the standards after 
identical hydrolysis times. 

Using Hirs, Moore, and Stein’s figures for the amino acid composition 


‘Levy, A. L., personal communication. 
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of bovine pancreatic ribonuclease,’ and adding 167 for each e-lysine (ten), 
N terminal residue (one), O-tyrosine (six), and imidazolyl group of histidine 
(four), as used by Porter (5) and Sanger (22), to the molecular weight of 
ribonuclease based on Hirs, Moore, and Stein’s figures, one arrives at a 
molecular weight of 13,341 + 21(167) = 16,848 for DNP ribonuclease, 

An average of 0.90 mole of bis-DNP lysine per mole DNP ribonuclease 
was detected. The 2 hour sample was disregarded because solution of the 
sample was incomplete (Table III). 

No spots other than bis-DNP lysine and bis-DNP lysylglutamic acid 
(see below) were detected. As noted below, since the next residue was 
found to be threonine, it is a safe assumption that the N terminal group 
was completely hydrolyzed. In addition to the 5 to 10 per cent error in 




















Tasie IIT 
Quantitative Determination of N Terminal Amino Acid Residue 
Sample Amount detected after hydrolysis 
Time of hydrolysis ] : : 
| wei | urine | zt. | toe mini 
eee ee | = ied a 
hrs. mg. uM uM uM | uM mole 
5 2.35 0.140 0.100 | 0.036 | 0.136 | 0.97 
5 | 3.35 0.199 0.150 0.037 | 0.187 | 0.94 
8 | 3.22 | 0.191 | 0.141 0.016 | 0.157 0.82 
8 3.04 0.181 0.141 0.017 | 0.158 0.87 
Sh tite ey ao eed RekiaNa sts accede vaeigaset ders miutese eons 0.90 





the method (22), it is conceivable that the figure of 0.9 rather than 1.0 
end-group per mole might be due to a higher rate of destruction when the 
DNP derivative is present in the protein than that which prevails when 
the amino acid derivative (24) is free in solution. Alternatively, it may 
be that the presence of other products of hydrolysis catalyzes the destruc- 
tion of the derivative. 

Determination of N Terminal Sequence—40 mg. of DNP ribonuclease 
were subjected to partial acid hydrolysis in 11 n HCl for 72 hours at 37°. 
After dilution, the hydrolysate was extracted with ether, ethyl acetate, 
and n-butanol (25). The extracts were concentrated in vacuo and then 
subjected to electrophoresis on Munktell No. 20 paper with 0.033 m phos- 
phate buffer at pH 7.0 (26) as electrolyte. The main zone present in the 
ether extract, migrating at the rate of bis-DNP lysine, was extracted with 
bicarbonate and identified as such by paper chromatography. A fainter 
zone present in the ether and ethyl acetate extracts proved, upon complete 
hydrolysis and chromatography, to be bis-DNP lysylglutamic acid. 
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No zones containing bis-DNP lysine were found on electrophoresis of 
the n-butanol extracts. 

A second hydrolysis for 20 hours, rather than 72 hours, showed again 
only the two components, bis-DNP lysine and bis-DNP lysylglutamic 
acid, the latter compound being present in greater amount. 

Pepsin Hydrolysis of DNP Ribonuclease—40 mg. of DNP-ribonuclease 
were suspended in 0.01 m HCl, the pH was adjusted to 1.8 with 0.1 m 
HCl, and the suspension diluted to 4.0 cc. with 0.01 m HCl. Pepsin 
(Worthington, crystallized four times), 0.28 mg., was dissolved in a drop 
of water and added to the suspension, which was then incubated with 
shaking, one-fourth of the initial volume being withdrawn after 4 and after 
22hours. These aliquots were extracted with ethyl acetate until no further 
color was removed. The extracts were subjected to paper electrophoresis, 
the zones eluted and hydrolyzed, and the resulting ether-extractable DNP 
derivatives and the water-soluble residues (27) were chromatographed. 

Free bis-DNP lysine, dinitrophenol, and an electrophoretic band con- 
taining bis-DNP lysine plus glutamic acid, threonine, and alanine in ap- 
proximately equimolar concentrations were identified. 

In order to determine the sequence of the amino acids in the tetrapeptide 
component, the remaining material from the above incubation was ex- 
tracted with ethyl acetate. After removal of the ethyl acetate, the ex- 
tracted material was hydrolyzed for 18 hours at 37° with 11 nN HCl. The 
hydrolysate was diluted with water and extracted with ethyl acetate. This 
extract contained bis-DNP lysine (2+) and bis-DNP lysylglutamic acid 
(4+) determined by the methods used in the previous section. The aque- 
ous portion, after removal of HCl in vacuo, was treated with fluorodinitro- 
benzene in 1 per cent trimethylamine acetate buffer, pH 9.5. The excess 
reagent was extracted from the alkaline solution, and the solution was 
dried under high vacuum. A few drops of 6 n HCl were added, and the 
sample was hydrolyzed in a sealed tube at 105° for 7 hours, diluted with 
water, and extracted with ethyl acetate. After hydrolysis with 6 Nn HCl 
in sealed tubes, the ethyl acetate-soluble and the aqueous portions of the 
hydrolysate were chromatographed‘ (27). The former contained DNP 
threonine (4+) and a trace of DNP glutamic acid, and the latter, free 
alanine (4+). 

The over-all findings lead to an N terminal sequence in ribonuclease of 
Lys-Glu (or Glu-NH:)-Thr-Ala-. Whether the glutamic acid is in the 
form of the amide has not been ascertained. The evidence from the mi- 
gration of the compound during paper electrophoresis is inconclusive, but 
suggests that the glutamic acid is in the form of its amide, since the peptide 
moves more slowly than the neutral amino acid derivative, DNP alanine. 

C Terminal Residue and Sequence—We have previously reported (23) 








208 STRUCTURE OF RIBONUCLEASE 


the presence of a C terminal valine residue in ribonuclease as determined 
by carboxypeptidase degradation. These experiments have now been 
repeated with low levels of DFP-treated carboxypeptidase to permit an 
estimate of the order of appearance of amino acids during digestion. Alli 
quots of the incubation mixture were taken initially and after successive 
intervals and either chromatographed directly after removal of protein 
(28, 29) or treated with dinitrofluorobenzene (5). After removal of excess 
reagent, DNP amino acids were extracted from the acidified solution with 
ether. The extract was freed of dinitrophenol by passage through a silica 
column with water-saturated chloroform as the moving phase (30), and, 


TABLE IV 


Amino Acids Released from Native Ribonuclease by DF P-Treated Carboxrypeptidase 
(Estimated As Their DNP Derivatives) 


i Incubation time 
DPN amino acid — 














15 min. | 1 hr. | 3 hrs. 
a ee ree tele es 0.034 0.064 | 0.118 
PRONVIMIAMING. ..... 0... ec e cece 0.019 0.039 | 0.098 
I ere ass, Ss, | 0.024 | 0.043 0.090 
SET EST Ota eee | 0.009 | 0.021 | 0.086 
ae ee a ee | Trace 0.020 0.062 


ee ee ee ee | Absent | Trace 0.016 


| 
‘ 





The values are expressed as €359 readings obtained in 1 cm. cells in the Beckman 
spectrophotometer on solutions of each DNP derivative extracted from paper chro- 
matograms (Levy, personal communication) with 1 per cent NaHCO; in a total 
volume of 2.5 cc. 2 cc. aliquots taken from 6 cc. of phosphate buffer, pH 7.8, 0.1 m, 
containing 60 mg. of ribonuclease + 0.03 mg. of DFP-treated carboxypeptidase 
recrystallized eight times. 


thereafter, the DNP amino acids were eluted with ether. Two-dimen- 
sional chromatography by the method of Levy‘ yielded spots which were 
cut out and eluted with 1 per cent NaHCO;, the color being read at 350 
my in the Beckman spectrophotometer. The data in Table IV confirm 
the presence of valine as the C terminal residue and suggest the subsequent 
position in the chain of phenylalanine (or leucine and isoleucine), alanine, 
tyrosine, and methionine, as indicated tentatively in Fig. 2. 

The presence of these amino acids, and no others, was confirmed in the 
paper chromatograms (27) run on aliquots not treated with DNFB. Si- 
multaneous 3 hour control incubations of ribonuclease and carboxypepti- 
dase alone contained no detectable free amino acids, whether examined by 
visual amino acid chromatography (27) or by the quantitative DNP pro- 
cedure above. 
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DISCUSSION 


A considerable simplification would be introduced into the study of the 
general problem of protein synthesis if it could be established that common 
peptide building blocks were used in the biosynthesis of more than one 
protein species. The present studies, although obviously rather long 
term in nature, appear to us to be one approach to the examination of this 
point, since they will ultimately allow the direct comparison of fine struc- 
ture in two proteins, insulin and pancreatic ribonuclease, synthesized in 
the same tissue. Although the ribonuclease molecule appears to be a 
single cross-linked chain, its general structural features, suggested by the 
present experiments and tentatively summarized in Fig. 2, make the suc- 
cessful elucidation of its structure a hopeful possibility. 

Preliminary studies have been made on a variety of fragments separated 
from pepsin, chymotrypsin, and trypsin digests of native and DNP ribo- 
nuclease, before and after performic acid oxidation. These studies have 
shown a comforting reproducibility of digestion products and, together 
with determination of peptide sequence, will be reported in a subsequent 
communication. 

In earlier experiments (12) it was found that digestion of ribonuclease 
with pepsin yielded a product of which only a relatively small part was 
dialyzable and which still sedimented in the ultracentrifuge with an 829 » of 
about 1.6. Treatment with thioglycolate did not change this figure. In 
the light of similar reducing studies on insulin (31, 32) and in view of our 
more recent experiments in which this pepsin-produced product has been 
made completely non-sedimentable by performic acid oxidation, these 
earlier results can probably now be explained by the incomplete cleavage 
of disulfide bonds in the pepsin-modified molecule by thioglycolate. 


SUMMARY 


Physical and chemical studies on ribonuclease indicate that this protein 
consists of a single chain arranged in a compact, folded structure, cross- 
linked through four disulfide bridges. The molecule, after performic acid 
oxidation, still contains only a single chain. 

Its N terminal sequence has been shown to be lysylglutamy] (or gluta- 
minyl) threonylalanine. The C terminal position is occupied by a va- 
line residue, followed, back along the peptide chain, by phenylalanine, 
leucine or isoleucine, alanine, tyrosine, and methionine in an undetermined 
order. 
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SPECIFICITY OF ESTERASES 
III. CRITICAL CONCENTRATIONS OF THE SUBSTRATE 


By B. H. J. HOFSTEE 
(From the Palo Alto Medical Research Foundation, Palo Alto, California) 


(Received for publication, May 4, 1953) 


It has been shown (1, 2) that, of several possible linear plots of the 
Michaelis equation relating the initial rate (v) of an enzymic reaction to 
the substrate concentration (S), a plot of v against v/S is most apt to reveal 
deviations from theoretical behavior. This plot is based on the equation 


Vn =v +0-Ky/S (1) 


On the basis of this plot it was found (1) that, with a preparation of hog 
pancreas as the source of esterase, an apparent deviation from theoretical 
behavior was the result of the simultaneous action of two enzymes on the 
substrate. 

In the present investigation it is found that the curves obtained with 
horse liver esterase display two rather sharp discontinuities that cannot 
be ascribed to simultaneous action of two or more enzymes. 

Evidence is presented that one of these discontinuities is caused by a 
change in the substrate and the other by a change in the kinetic constants 
of a single enzyme system at a definite (critical) substrate concentration. 


EXPERIMENTAL 
Preparations 


Enzymes—Liver esterase was purified from horse liver (3), no effort being 
made to obtain a crystalline product. Dialysis against 55 per cent acetone 
was omitted, and in the final step the fraction precipitating between 50 and 
70 per cent ammonium sulfate saturation was taken. This was dialyzed 
for 2 days in running distilled water and centrifuged. The supernatant 
solution was kept frozen in small lots. From 200 gm. of acetone powder, 
representing approximately 800 gm. of fresh liver, 40 ml. of a clear colorless 
solution were obtained; about 0.01 ml. of this was sufficient for an activity 
determination. 

Pancreatic Esterases I and II were the same preparations as those used 
previously (1, 4), which had been preserved by freezing. 

Substrate—m-(n-Heptanoyloxy)benzoic acid was prepared by a proce- 
dure similar to that given previously (1, 4) for the preparation of salicylic 
acid esters (5). The ester was recrystallized from dilute alcohol until it 
showed no absorption at 300 mu (see below), and a constant melting point 
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(78°) was obtained. By complete hydrolysis in 0.1 N NaOH it yielded the 
theoretical amount of m-hydroxybenzoic acid, which was determined spec- 
trophotometrically (6). 


Calculated, C 67.22, H 7.19; found, C 67.44, 67.57, H 7.19, 7.18 


The compound will be referred to as m-C;. It does not absorb light of a 
wave-length of 300 my, while m-hydroxybenzoic acid (reaction product) 
strongly absorbs at this wave-length (AE?°2" = 0.365 for a 3.3 X 104+» 
solution in 0.037 m Veronal buffer of pH 8.0). Solutions of m-C; in buffer 
were prepared with an equivalent amount of n NaOH added to neutralize 
the free carboxyl group. These solutions could be kept in the frozen state 
for several days with only slight hydrolysis. 

The m-C; compound was chosen for the present experiments in prefer- 
ence to the corresponding ortho compound because o-C; is not readily at- 
tacked by liver esterase. Furthermore, with m-C; the two critical regions 
are equally distributed over the v versus v/S curve in contrast to other 
members of the homologous series (6). 


Activity Determinations 


The activities (initial rates) were determined at pH 8.0 (Veronal 0.037 
M) and 30° by the same over-all spectrophotometric method reported pre- 
viously for the pancreatic esterases (7, 1). No activating substances were 
added. Boiled enzyme solutions did not have any esterolytic effect. 

After it had been established by continuous determination in the spec- 
trophotometer cuvettes that the reaction rate was constant for more than 
30 minutes, some of the experiments, especially those involving a large 
series of tubes, were carried out as follows. The reaction mixtures without 
the enzyme were made up in duplicate in small test-tubes. After tempera- 
ture equilibration, 0.1 ml. of enzyme was added to one of the duplicates 
throughout the series at half-minute time intervals, and 30 minutes later 
the other tubes were treated in the same way. Thereafter the difference 
in extinction between the duplicates was measured. Later it was found 
that, even at the highest substrate concentrations used, the enzymic reac- 
tion could be stopped instantaneously by parathion in concentrations! of 
the order of 10-'m. This procedure was also used to carry out experiments 
in series. 


Results 


Discontinuity at High Substrate Concentration—When liver esterase or 
either of the two pancreatic esterases is allowed to act on m-C; in increas- 


1 At low substrate concentrations, inhibition could still be observed in dilutions 
of more than 1:10 million. 
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ing concentrations (Fig. 1), a maximal rate of hydrolysis is found at a 
substrate concentration beyond which the activity drops rather abruptly. 
The data in Fig. 1 are given as the amount of hydrolysis (micromoles) in 
30 minutes after the mixing of substrate and enzyme. Beyond this “criti- 
cal” concentration (3.3 X 10-* m), however, the reaction rate is not con- 
stant during 30 minutes but drops rapidly, showing that the system is 
unstable. This is indicated by the downward arrows. This behavior and 
the rather abrupt change cannot readily be explained by inhibition by 
excess substrate, particularly since it occurs at about the same concentra- 
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Fig. 1. Activity (v) curves of pancreatic Esterase I, pancreatic Esterase II, and 
liver esterase, acting on varying concentrations (S) of the same substrate (m-hep- 
tanoyloxybenzoic acid). 


tion in the three enzyme systems. It seems to be more probable that a 
change in the substrate, such as micelle formation (8), is involved (see the 
“Discussion”). When the same pancreatic esterases act upon the cor- 
responding ortho compounds, this discontinuity does not occur (4). 

Discontinuity at Low Substrate Concentration—The curve obtained with 
the liver enzyme (Fig. 1) shows another bend (or break) which apparently 
is not caused by a change in the substrate, since it occurs at a concentra- 
tion (3.0 X 10-* m) at which the curves obtained with the other two ester- 
ases are linear. With steapsin as the source of esterase (1), similar non- 
linearity was shown to be the result of two esterases acting independently 
on the substrate. Thus it was necessary to establish whether more than 
one esterase was present in the liver preparation, despite purification. The 
following evidence is presented for this purpose. 
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The curves obtained with liver esterase in Fig. 1 and Fig. 2 can be more 
easily drawn as two joining straight lines than as smoothly bending curves, 
If more than one enzyme were involved, no part of the curve could be 
linear theoretically, and no sudden break would be observed (2). This 
would still be true if the active groups were situated on the same protein 
molecule, but could act independently with different constants. 
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Fig. 2. The influence of different treatments of liver esterase on its activity (v) 


when acting on varying concentrations (S) of m-heptanoyloxybenzoic acid as the 
’ substrate. 


Fig. 2 shows that no essential change in the shape of the curve is obtained 
after the enzyme solution is (a) brought to pH 10 to 11 with alkali and 
neutralized after 1 minute, (b) precipitated at pH 3.2, followed by removal 
of the supernatant fluid and dissolving of the precipitate at neutrality, and 
(c) heated for 30 minutes at 60°. 

It would be rather improbable that two or more proteins would exhibit 
the same stability to alkali, acid, and heat. 

If the system is looked upon as a single one, in which the constants 
change rather abruptly when the substrate concentration is increased, then 
it might be expected that this change would occur at the same degree of 
saturation of the enzyme with the substrate, regardless of the treatments 


mentioned above. This appears to be the case. In the four cases in Fig. 
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2, the degrees of saturation at the critical point are 0.66, 0.64, 0.70, and 
0.66; in Fig. 1 it would be 0.65, and in the control in Fig. 3 it is 0.70. The 
average of two-thirds saturation is about the same as that found with some 
of the higher members of the homologous series used as substrates (6). 

It would also be expected that the change would always occur at the 
same substrate concentration. This is only approximately the case, since 
the critical points do not lie on the same line through the origin (Fig. 2). 
However, it can be seen that the different treatments change the slope of 
the curves (Ky) to some extent, and a particular degree of saturation of 
the enzyme would therefore not occur at exactly the same substrate con- 
centration. 

Further evidence was found in the observation that NaF, which inhibits 
the enzymic reaction, is involved in only one enzyme system, with a definite 
equilibrium constant on either side of the critical substrate concentration. 
Experiments leading to this conclusion are recorded in Figs. 3 and 4.2 

From the curves in Fig. 3 it would appear that NaF inhibits the enzyme 
by competition with the substrate above as well as below the critical con- 
centration, although the data are not conclusive in the latter case. Above 
this point K; values of 8.5 K 10- and 8.3 X 10~ are obtained from two 
determinations at different concentrations of the inhibitor. For the lower 
part of the curve the figures would be 4.1 X 10~ and 3.9 X 10“. From 
the plots in Fig. 4 based on Equation III, the constants were found to be 
8.4 X 10- and 4.1 X 10~ for one substrate concentration above and one 
below the critical point respectively. They are, within experimental error, 
identical with those arrived at independently by the above method. 


? The linear equations underlying these plots are as follows. The original Equa- 
tion I becomes 


Vn = 05 + 05-Ky- (1 + I/K;)/S (II) 


when a competitive inhibitor is present in concentration J and when the inhibitor- 
enzyme complex has a dissociation constant K;. 

Equation II, although in another form, has been derived (e.g. Lardy (9)). It 
shows that a plot of v; against v;/S gives a straight line having an intercept V» with 
one of the coordinates that equals one of the intercepts in the v versus v/S plot. The 
slope, however, is Ky(1 + I/K;) instead of Ky. The plot is used for determining 
K; at constant inhibitor concentration and varying substrate concentrations (Fig. 
3). 

By rearranging Equations I and II, it follows that v — v; = v;-I1/K;-(1 + S/Ky), 
or 

v = (v — v5) + (v — v;)-Ky-(1 + S/Ky)/I (111) 


Equation III, which has the same advantages as Equation I (2), is used to de- 
termine K; at constant substrate concentration and varying inhibitor concentra- 
tions. A straight line is obtained when the inhibition (v — v,) is plotted against 


(v — v;)/I. 
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Fig. 4 represents the system between about 10 and 100 per cent satura- 
tion of the enzyme with inhibitor. It is important to note that no break | 4": 
in the curve such as occurs with the substrate is in evidence. The linear (10). 
relationship obtained shows that only one sharply defined K; is involved with 
in each case. us ° 
In Paper IV (6) another point of evidence is given. It is shown that Th 
the ratio of the rates at which the longer carbon chain esters (including - 
201 | LIVER ESTERASE ver LIVER ESTERASE ” 
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Fig. 3. Inhibition of the activity (v) of liver esterase by NaF, at constant concen- 
tration of inhibitor and varying concentrations (S) of the substrate (m-heptanoyl- I 
oxybenzoic acid). 4: E., 
Fie. 4. Inhibition (v — »;) of the activity (v) of liver esterase by Naf, at constant 
‘substrate (m-heptanoyloxybenzoic acid) concentration (S) and varying concentra- 
tions (J) of inhibitor. The coordinates of the curve with S = 10-2 m are one-half 
of the actual values. 1. 
2. 
m-C;) are attacked is the same in a crude extract of liver acetone powder 3. 
and in a purified preparation, indicating the presence in the crude extract 4. 
of only one enzyme that attacks these substrates. . 
All the above evidence indicates that only one enzyme is involved and 7. 
would suggest that the discontinuity under investigation is caused by a 8. 
characteristic of the liver esterase molecule (see the ‘“Discussion”’). 9. 
DISCUSSION 
The substrate used in these experiments has properties common to a the 
soap. Micelle formation occurs in soap solutions at a particular concentra- tw 
as 
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tion. The longer the carbon chain, the lower this critical concentration 
(10). Data in Paper IV (6) indicate that the upper critical concentration 
with respect to the rates of enzymic hydrolysis also decreases with increas- 
ing carbon chain length of the substrate molecule. 

The above observations suggest that micelles might be formed from the 
substrate, and that such micelles would not be attacked by the enzymes. 
Further studies are required for confirmation of this possibility. 

In contrast to the discontinuity at the higher substrate concentration, 
the other discontinuity appears to be a consequence of the structure of the 
liver esterase molecule. Such discontinuities do not seem to be uncommon 
in adsorption isotherms obtained from non-enzymic systems (11, 12), but 
to the author’s knowledge have not previously been observed or recognized 
in enzyme reactions.* 

The observations that the critical point occurs at two-thirds saturation 
of the enzyme with the substrate and that the K; of NaF is twice as large 
above as below the critical substrate concentration may be of significance, 
but a satisfactory explanation cannot be given at present. 


SUMMARY 


Activity substrate concentration curves of a purified preparation of a 
horse liver esterase were shown to display discontinuities at definite (criti- 
cal) concentrations of the substrate (m-heptanoyloxybenzoic acid). Evi- 
dence has been presented that only one enzyme is involved. 

NaF appears to inhibit liver esterase by competition with the substrate. 
Concentration curves of this inhibitor do not show gross discontinuities. 


It is a pleasure to acknowledge the drawing of the graphs by Mrs. Kurt 
E. Appert. 
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tyrate as the substrate, have recorded the influence of substrate concentration on 
the activity in a plot of S versus S/v. The authors imply a linear relationship, but 
two discontinuities can be detected which stand out clearly if their data are plotted 
as v versus v/S. 
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IV. BEHAVIOR OF HORSE LIVER ESTERASE TOWARDS A HOMOLOGOUS 
SERIES OF n-FATTY ACID ESTERS 


By B. H. J. HOFSTEE 
(From the Palo Alto Medical Research Foundation, Palo Alto, California) 


(Received for publication, May 4, 1953) 


Pancreatic Esterases I and II display characteristic patterns of the con- 
stants V,, and Ky with respect to substrates in which the carbon chain 
length of the n-fatty acid moiety is varied (1). The present investigation 
was undertaken to establish such patterns for horse liver esterase. 


EXPERIMENTAL 
Preparations 


Enzymes—(1) Purified horse liver esterase, prepared as described pre- 
viously (2); (2) a crude extract of horse liver acetone powder, obtained by 
stirring the powder for several hours with a 2.5 per cent sodium acetate 
solution (3) followed by centrifugation. 

Substrates—These were esters of n-fatty acids and m-hydroxybenzoic 
acid, prepared by the same procedures as given previously (4, 1) for the 
corresponding ortho compounds. The starting materials were obtained 
commercially with the exception of undecanoic acid, which was supplied by 
the courtesy of Dr. L. Reiner of Wallace and Tiernan Products, Inc. The 
compounds were recrystallized until they were free from unchanged m- 
hydroxybenzoic acid (2), and constant melting points were obtained. The 
melting points (see tabulation) show an oscillation between odd and even 
numbered carbon chains over the entire series. It may be noted that they 
are somewhat higher than those of the corresponding ortho compounds (1). 

Additional checks on purity were made by complete hydrolysis in 0.1 
N alkali and subsequent spectrophotometric determination (2) of m-hy- 
droxybenzoic acid. The results, compared to the calculated amounts (per 
cent), are recorded in the following table. 





EN ind indkchennesachakeon C2 | Cs | Ca | Co | Co | Cr | Ca | Co | Cro | Cur | Cre | Cu 








SM Wb auth debates cocbisbunees 130 | 86 94 84 | 83.5] 78 | 83.5 | 81.5] 86.5] 84 88 | 89.5 


m-Hydroxyben- | Found |76.8|71.7|66.7|62.2/58 .3/55.2/52.0)49.1/47.1/44.5/42.7/39.1 
zoic acid | ee Sid Gk ik, 2k Wa tk he ack ab GU 
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The compounds are white crystalline, non-hygroscopic powders, soluble 
in solutions of low acidity. Their non-enzymic rate of hydrolysis (pH 8.0; 
30°) was found to be about one-third of that of the corresponding ortho 
compounds. This rate of hydrolysis is of the order of 0.4 per cent per 30 
minutes for the C: and C; compounds, but drops to about half this value 
for the C, ester, and thereafter remains nearly constant with increasing 
carbon chain length (Fig. 1, B). 

The maximal concentrations that can be obtained at room temperature 
and pH 8.0 (Veronal buffer) are roughly as follows: C2 to Cy, inclusive 
>it M; Cs, 5 X 19* M; Cy, 107 M; Cio, 5 X 10° M; Cu, 10-3 M; Cr, 10> 
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Fig. 1. The relative catalytic ‘‘efficiency’’ (v/S) of different preparations of horse 
liver esterase with respect to esters of m-hydroxybenzoic acid and n-fatty acids of 
different carbon chain length. The data in A are taken from Figs. 2 and 3. 


M. Because of low solubility, no accurate data on the initial rates of hy- 
drolysis of the longer chain compounds (C2, C,,) can be obtained with the 
present method. 


Activity Determinations 


As previously (2), the activities, expressed as initial reaction rates, were 
determined by direct spectrophotometric measurement of the m-hydroxy- 
benzoic acid liberated. 

Since the higher members of the homologous series of substrates were 
hydrolyzed up to 500 times faster than the lower members (see ‘“‘Results”) 
the same amount of enzyme could not be used in all experiments. How- 
ever, the activities with two successive members of the homologous series 
as the substrates were determined simultaneously at the same enzyme con- 
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centration, this concentration having been adapted to the rate of hydroly- 
sis. In this manner relative values were obtained. 

Most of the determinations were carried out in series. The reaction was 
then stopped by addition of 0.1 ml. of a saturated solution (10-* to 10 m) 
of parathion in water (2). 


Results 


Number of Esterases in Enzyme Preparations—Evidence has been pre- 
sented (2) that, in the purified enzyme preparation, only one esterase is 
present that attacks C;. Evidence that this one enzyme is responsible for 
the hydrolysis of all the other members of the homologous series may be 
found from the data given in Fig. 1, B. These show that the crude enzyme 
attacks the higher (>C,) members of the series at the same relative rates 
as the purified enzyme. If more than one esterase attacking these sub- 
strates were present in the purified preparation, then the ratio of the 
amounts of these enzymes would be the same in the crude extract, which 
is improbable. 

Aside from the enzyme under investigation, the crude extract apparently 
contains another esterase that attacks the lower members (C2 to C,) of the 
series only. Parathion, which inhibits the former liver esterase and also 
cholinesterases, was found to inhibit this enzyme as well. It could be an 
e type cholinesterase, which attacks preferably the C2 ester of choline (5). 
It does not resemble the s type cholinesterase since the latter displays a 
maximal activity at 4 C atoms with the present series of substrates.! 

Determination of Ky and V», Values with Purified Enzyme—To deter- 
mine the constants of an enzyme system accurately by graphical means, 
the initial rates, if possible, should be determined over a wide range of the 
substrate concentrations. However, it was shown in the preceding paper 
(2) that, with C; as the substrate, definite constants apply only to limited 
ranges of substrate concentrations. This also holds for the other members 
(Cs, Cs, and Cy), for which more complete curves were determined. It 
can be seen (Fig. 2) that, with some of these (Cs, Cy), only a range of low 
substrate concentrations allows the determination of the constants with 
any accuracy. Therefore, comparisons were made from results obtained 
in this range. It may be noted (Figs. 2 and 3) that the carbon chain length 
influences the Ky (slopes of the curves) only slightly, with the exception 
of a rather sudden decrease from the Cz, to the C; compound. 

If the lower parts of the curves (Figs. 2 and 3) are extended until they 
meet the ordinate, then the intercepts obtained represent the hypotheti- 
cal V,, values of the system in that range of substrate concentrations. It 
can be seen that this value for a particular substrate is always lower than 


1 Blessing, W., and Hofstee, B. H. J., unpublished data. 
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that of the one with the next longer carbon chain, again with exception of 


the Cs and C; esters, with respect to which the V,, values are about the 
same. 
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Fic. 2. Activity (v) substrate concentration (8S) curves of horse liver esterase, 
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strates (esters of m-hydroxybenzoic acid). 
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Previously (6) it has been pointed out that the ratio, Vn/Ky, may be a 
better measure of the catalytic effect of an enzyme than either of the con- 
stants as such. This ratio represents the constant of the catalyzed reaction 
“returned” to the same order as the uncatalyzed reaction, and is given 
directly by the intercept with the abscissa (extrapolation of the plots to 
§s—0). 

It was found that V,./Ky (first order constant) increases by a definite 
factor for each additional carbon atom in the fatty acid moiety of the sub- 
strate. Below C; this factor is about 2.5, while above Cg it is of the order 
of 2. The linear relationship that obtains between the logarithm of the 
first order constant (lim v/s, S — O) and the number of carbon atoms in 
the fatty acid is shown in Fig. 1, A. At Ce. a break in the curve occurs 
rather than a temporary flattening, as is the case when the activities are 
compared at only one finite substrate concentration (Fig. 1, B). 

The intercepts could not be determined accurately for the longer (>Cg) 
chain compounds, due to decreased solubility. The relative activities were 
here determined at one low substrate concentration (S = 6.6  10-* m, 
Fig. 1, B). The activities increase exponentially with increasing carbon 
chain length up to at least 10 C atoms. If no change in Ky value occurs 
between Cio and Cy, then the curve for the first order constant would be- 
gin to flatten at Cy. One rather inaccurate determination on Cy and Cy. 
at extremely low concentration indicates, however, that the maximum lies 
at 12 C atoms or higher. 

DISCUSSION 

The activity pattern of liver esterase, with respect to the carbon chain 
length of the fatty acid moiety of the substrate, is entirely different from 
those of the pancreatic esterases investigated previously. In the latter 
cases, only the results with the ortho compounds have been reported (1), 
but the meta compounds give the same patterns despite considerably lower 
Ky values.2, At any rate, these patterns seem to be characteristic, and 
under favorable circumstances can be used to identify the esterases even 
in mixtures (e.g., see Fig. 1, B). 

It appears from the data in this paper that the length of the carbon chain 
influences the Ky of the system only slightly. On the basis of the Michaelis- 
Menten theory, the increase in reaction rate could then be only the re- 
sult of the higher rate at which the enzyme-substrate complex is trans- 
formed into a product. This would find its explanation in physical rather 
than chemical characteristics, since the length of the carbon chain influ- 
ences chemical properties (e.g., non-enzymic hydrolysis) to a lesser extent 
than physical properties (e.g., melting points). 


* Hofstee, B. H. J., unpublished data. 
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SUMMARY 


The behavior of a purified horse liver esterase towards a homologous 
series of n-fatty acid esters as the substrates has been investigated. It was 
found that the Ky values of the systems are only slightly influenced by the 
carbon chain length of the fatty acid moiety of the substrate from C; to 
Cy or higher, with the exception of a considerable difference between the 
Ky values for the C. and the C; compounds. The first order catalytic 
constant (V »/Ky), on the other hand, increases exponentially with increase 
of the number of carbon atoms from the C; to the Cs compound inclusive 
(factor 2.5) and from the Cg to at least the Cy ester (factor & 2). At low 
substrate concentrations the maximal rate of hydrolysis occurs with at 
least 12 C atoms in the fatty acid. 
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YEAST ALCOHOL DEHYDROGENASE: MOLECULAR WEIGHT, 
COENZYME BINDING, AND REACTION EQUILIBRIA* 


By JOSEPH E. HAYES, Jr.,t anp SIDNEY F. VELICK 


(From the Department of Biological Chemistry, Washington University School of 
Medicine, St. Louis, Missouri) 


(Received for publication, July 10, 1953) 


The alcohol dehydrogenases (ADH) crystallized from yeast (1, 2) and 
from horse liver (3) differ in many of their properties. The mammalian 
enzyme forms a complex with reduced diphosphopyridine nucleotide 
in which the absorption band of the coenzyme at 340 my is shifted to 325 
mp (4). This permitted the direct study by Theorell and Chance (5) of 
the stoichiometry and dissociation constant of the complex and the kinetics 
of its formation. The oxidized form of the coenzyme (DPN) did not form 
a spectrophotometrically identifiable complex with the protein. 

The molecular weight of the yeast enzyme is about twice that of the 
mammalian ADH and it is about 100 times more active. Neither DPN 
nor DPNH exhibits gross spectral shifts in the presence of the yeast en- 
zyme. In order to study the coenzyme interactions of yeast ADH we 
have used the ultracentrifugal separation method which we had employed 
in previous studies with glyceraldehyde-3-phosphate dehydrogenases of 
rabbit muscle (6) and yeast (7). It was possible to detect complexes of 
yeast ADH with both DPN and DPNH and to measure their stoichiometry 
and apparent dissociation constants. The binding of DPN and DPNH 
by the yeast enzyme is competitive and the dissociation constants are i: 
general agreement with the values derived from over-all reaction kinetics 
and competitive inhibition. There are still relatively few instances in 
which such correlations have been attempted and in two cases the reported 
Michaelis constant has been found to differ from the dissociation constant 
by more than two powers of 10 (5, 6). At high concentrations of yeast 
ADH the equilibrium of the oxidation reaction is shifted. The direction 
and magnitude of the shift may be accounted for by the formation of 
enzyme complexes with DPN, DPNH, and acetaldehyde. 


Methods 


The enzyme was prepared from dried bakers’ yeast (Anheuser-Busch 
strain SCC) by the method of Racker (2). It was found that the homo- 


* This work was aided by a grant from the American Cancer Society on the recom- 
mendation of the Committee on Growth of the National Research Council. 

t Predoctoral Fellow of the National Cancer Institute of the United States Public 
Health Service. From the dissertation submitted by Joseph E. Hayes, Jr., in par- 
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geneity of the product was improved if the crystallization procedure was 
modified. Instead of raising the ammonium sulfate concentration from 
0.35 to 0.6 saturation over a period of 2 hours in order to obtain the first 
crystals, the first crystals were allowed to form in 0.35 saturated ammo. 
nium sulfate at 0° over a period of 10 hours. The crystals from 300 gm, 
of dried yeast were dissolved in 10 ml. of water and recrystallized by addi- 
tion of an amount of saturated ammonium sulfate calculated to make the 
solution 0.35 saturated. After 8 to 10 hours the recrystallization step was 
repeated with yields of 130 to 300 mg. of enzyme per 300 gm. of dried yeast, 

The DPN was assayed spectrophotometrically as DPNH after reduc. 
tion with ethanol and ADH at pH 7.9 in the presence of 0.1 M semicarbazide 
and also after reduction with glyceraldehyde-3-phosphate and arsenate in 
the presence of glyceraldehyde-3-phosphate dehydrogenase. Standard 
solutions of ethanol were made by dilution of a concentrated stock solution 
prepared from absolute ethanol. Semicarbazide hydrochloride was pur- 
fied through the acetone derivative (8). 

Electrophoretic mobility measurements were carried out in the Tiselius 
apparatus (9) by the scanning method of Longsworth (10) for recording the 
positions and shapes of the concentration gradients. All buffers were of 
ionic strength 0.1. The dialyses were originally carried out for 20 hours 
with external stirring only. After it was found that irreversible changes 
occurred during dialysis, all dialyses were carried out in an apparatus 
designed for rapid attainment of equilibrium with stirring inside the di- 
alysis sac for 4 hours. 

Sedimentation velocity measurements were carried out in the Spinco 
model E refrigerated ultracentrifuge. The temperature of the rotor was 
measured at the beginning and at the end of each run. Diffusion measure- 
ments were made in the long center cell of the Tiselius apparatus and the 
. coefficients were calculated by the maximal ordinate method (11). Partial 
specific volumes were measured in density gradient tubes of the type de- 
scribed by Jacobsen and Linderstrgm-Lang (12). 

The ultracentrifugal separation method used in the study of coenzyme 
binding has been described (6). Ultracentrifugation for 2 hours at 214,000 
X g served to separate the protein and its complexes from the free enzyme. 
Analyses for DPN in arbitrary “layers” of the ultracentrifuged solutions 
were made by enzymatic reduction with ADH and ethanol. Analyses 
for DPNH were made by direct measurement of its absorption band at 
340 my. Contrary to the findings of Burton and Wilson (13), DPN was 
stable in the presence of high concentrations of yeast ADH. The DPNH, 
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however, without added substrate, underwent two slow reactions in the 
presence of high concentrations of enzyme. One was a slow oxidation and 
the other was an irreversible change resulting in the disappearance of the 
absorption band at 340 mu. Both of these reactions were completely 
inhibited by 0.01 m semicarbazide. The binding measurements were 
therefore carried out in solvents which contained 0.01 m semicarbazide, 
which was also present in solutions used for kinetic measurements. Con- 
trol experiments showed that the semicarbazide did not affect the initial 
rates of reduction of DPN by ethanol. 
The kinetics of the reaction 


(1) CH;CH.0H + DPN =... CH;CHO + DPNH + Ht 

were studied by following the rate of appearance of the absorption band 
of DPNH at 340 my. The reaction mixtures were made up immediately 
before use from fresh stock solutions and the reaction was initiated by the 
addition of enzyme at zero time. The initial rates were calculated from 
the changes in optical density that occurred during the first 20 second in- 
terval. The rates in all but the two lowest DPN concentrations studied 
remained constant through the 40 second reading. The dilute stock en- 
zyme solutions contained 10 y of enzyme per ml. and 0.1 per cent bovine 
serum albumin as a protecting colloid. Even when kept in an ice bath, 
such solutions lost up to 15 per cent of their activity in an hour. In 
measuring reaction rates at a series of concentrations of a substrate the 
first activity measurements were repeated at the end of the series in order 
to determine the activity loss. The results in each case were corrected to 
a standard enzyme activity on the assumption that the activity loss was 
linear with time. 


Results 


Electrophoretic Analysis—Between pH 5 and 8.3 electrophoretic dia- 
grams of the enzyme preparations showed two peaks. The relative 
amounts of the two components, from area analysis, did not change sys- 
tematically with recrystallization. The mobilities of the two components 
and their approximate isoelectric points in 0.1 ionic strength acetate buffer 
are shown in Table I. A sample of the component which migrated more 
rapidly at pH 5, isolated in a separation cell after 540 minutes of electro- 
phoresis, was found to be totally inactive, while the more slowly migrating 
component showed high activity. An examination of the variables re- 
vealed that the amount of inactive component was a function of the age 
of the solution and the duration of the preliminary dialysis. Preparations 
which had been kept in solution for several days showed up to 60 per cent 
of the inactive second component. Fresh preparations dialyzed for 16 to 





228 YEAST ALCOHOL DEHYDROGENASE 


20 hours at pH 5 showed 14 to 25 per cent of the inactive components, 
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assumed that there was only a few per cent of inactive impurity. In the 
binding experiments by the ultracentrifugal separation method which re- 
quired several hours the inactive component may have risen in some cases 
to about 10 per cent. 

Absorption Coefficient—The protein concentration of a solution of ADH 
exhaustively dialyzed against distilled water was measured by drying 
triplicate samples of the solution to constant weight. Measurements of 
optical density, D, were made on aliquots diluted in 0.08 m glycine, pH 
8.1. The Deso/De6o ratio was 1.82. An optical density of 1.00 at 280 
mu, effective band width 2.5 to 3 mu on a Beckman DU spectrophotom- 
eter, corresponded to a protein concentration of 0.792 mg. per ml. Fora 
molecular weight of 150,000 this corresponded to a molar absorption co- 
efficient, Koso, of 1.89 & 10°, where EF is defined by the following relation: 
concentration (mole liter!) = (1/EL) logio (io/7) (L = optical path length 
in em.). 

Sedimentation Constant—All measurements for the molecular weight 
were carried out in 0.1 ionic strength acetate buffer, pH 5.9. The sedi- 
mentation constant, determined at 0° in buffer and corrected to 20° in 
water (Seo,w), Was extrapolated to infinitely dilute protein solution and 
found to be 6.72 X 10-% sec. This is 12 per cent lower than the value 
781 X 10-" obtained by Pedersen with the oil-turbine ultracentrifuge at 
Upsala, as reported by Theorell and Bonnichsen (4). Taylor (14) reports 
8 to 10 per cent lower values for bovine serum albumin in the Spinco 
machine, compared with figures from Upsala. In the concentration range 
studied (Fig. 2) there was no indication of dissociation of the protein into 
subunits. 

Diffusion Measurements—A solution of ADH in 0.1 ionic strength ace- 
tate buffer, pH 5.9, was dialyzed in the rapid dialyzer for 2 hours against 
each of four 1500 ml. portions of buffer. After clarification by high speed 
centrifugation the protein concentration, determined spectrophotomet- 
rically, was 0.874 per cent. The protein was allowed to undergo free dif- 
fusion in the Tiselius apparatus at 2° for 73 hours. At the end of this 
time there was turbidity in the cell and the experiment was terminated. 
Enlarged tracings of the schlieren scanning pictures taken during the course 
of the experiment were analyzed by the maximal ordinate method (11). 
In this method the diffusion coefficient, D, is given by the expression D = 
u’/2t, where uw is a quantity proportional to the standard deviation of the 
protein concentration at the boundary and ¢ is the time, corrected for ini- 
tial boundary disturbances. The plot of u? versus 2¢ was linear. Do. 
was found to be (4.70 + 0.03) K 10-7 em.’ see>". 

Partial Specitic Volume—A solution of ADH was dialyzed against the 
standard buffer. The densities of the buffer and protein solution were de- 
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termined in duplicate in each of two density gradient tubes (12). The 
density of the buffer was 1.00236 and of the protein solution 1.00481 at 
20°. ‘Triplicate dilutions of the protein solution were made for optical 
density measurements. The protein concentration was 0.0107 gm. per 
ml. The partial specific volume was calculated from the relation V = 
(g — (d — do))/dog, where V is the partial specific volume, d is the density 
of the protein solution, dy is the density of the buffer, and g is the protein 
concentration in gm. per ml. (15). The value obtained was V = 0.769 
ml. per gm. 

Molecular Weight—The molecular weight (M) of yeast ADH, calculated 
from the relation M = RTs/D(1 — Vado), is 150,000. The ratio of the 
frictional resistance of flow (f) encountered by the molecule to that which 
would be encountered by an anhydrous sphere of the same weight and 
density, f/fo (16), is 1.27. 
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Fic. 2. The sedimentation constant of yeast ADH in acetate buffer, pH 5.9, asa 
function of protein concentration. 





Binding of DPNH—Standard solutions of the enzyme containing vari- 
ous concentrations of DPNH and control tubes containing protein alone 
and DPNH alone were spun in the ultracentrifuge at 0-5° for 2 hours. 

‘ Aliquots of the supernatant layers were analyzed spectrophotometrically 
for protein and DPNH. The DPNH bound to the protein under a given 
set of conditions is obtained from the ratio of sedimented DPNH to sedi- 
mented protein after correction for the small independent sedimentation 
of DPNH in the control tube which contained no protein. The details 
and results of such experiments are shown in Table II. It may be seen 
that the coenzyme is strongly bound and that a saturation value is ap- 
proached. If the binding sites are equivalent and independent, the bind- 
ing is described by the expression 


(n{P] — [C.))(C,] 
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[P] is the concentration of protein containing n binding sites per molecule. 
Equation 2 may be put in the form 


7 
f=n— K—— 

(3) icy] 

where 7 = [C,]/[P], the number of coenzyme molecules bound per molecule 

of protein. When 7 is plotted against 7/[C;], a straight line is obtained in 

which K and n appear in separate terms with K as a regression coefficient 


TaBLe II 
Binding of DPNH by Yeast ADH Measured by Ultracentrifugal Separation Method 





Tube A Tube B | Tube C | Tube D | Tube E 
| 





Initial concentrations, moles per 1. X 105 


ADH, total....... 2.97 2.97 
. .sc.8s5t Bae 5.99 


| 2.97 | 2.97 | 2.97 





Calculated concentrations, moles per 1. X 105 


DPNH, free.:.....| 





=o | of 7 of 


0 4.77 | 7.28 

“bound. ....| 2.50 | 4.75 | 6.39 7.21 | 7.74 
| 0.97 | 1.84 | 2.48 2.79 | 3.0 
KX 108....... 1.61 23 | 2.4 


1.55 1.07 





The separation was carried out at 0-5° in a medium containing 0.005 m sodium 
pyrophosphate, 0.013 m glycine, and 0.01 m semicarbazide, pH 7.8. Free DPNH is 
the DPNH in the supernatant solution after correction for independent DPNH 
sedimentation. Bound DPNH is the difference between total DPNH, before separa- 
tion, and free DPNH. # is bound DPNH per sedimented protein. The apparent 
dissociation constant is 

K’ [free DPNH][3.6ADH — bound DPNH] 
[bound DPNH] 





(17, 18). K will be referred to as a dissociation constant, although it is 
more properly a coefficient, since the activity coefficients are not known. 
The properties of this plot facilitate the analysis of both direct and com- 
petitive binding experiments and an analogous equation is used in the sec- 
tion on kinetics. 

A plot of 7 versus 7/[C;| from the results of several DPNH-binding ex- 
periments is shown in Fig. 3. Most of the experimental points fall on a 
straight line reasonably well. The line has the parameters n = 3.6 and 
K = 1.3 X 10-*° mole liter. Since the value of n should be an integer, 
the question arises whether there are three or four binding sites. Control 
experiments showed no evidence of destruction of the nucleotide under the 
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conditions of the binding experiments and so provide no explanation for q 
high result. On the other hand, the presence of a few per cent of the in. 
active second component could easily result in an observed value of » 
which is 10 per cent too low. The number of binding sites is therefore con- 
sidered to be four per molecule of protein. 

Binding of DPN—In the ultracentrifugal separation method binding jg 
determined from the difference between an initial and a final concentra. 





40; 














F/ADPNH) + L.M-' (xiO~) 
Fic. 3. The binding of DPNH by yeast ADH. 7, the number of molecules of 
DPNH bound per molecule of protein, is plotted against #/[C;s], where [Cy] is the 
concentration of free DPNH. Curve A, binding of DPNH alone; Curve B, binding 


. of DPNH in the presence of a constant high concentration of DPN (see Fig. 5 and 
the text). 


tion. When K is very small, of the order of 10-7, as in the case of glycer- 
aldehyde-3-phosphate dehydrogenase and DPN (5), the concentration of 
free DPN may be at the lower limit of the analytical method. In sucha 
case the stoichiometry of binding is easy to measure, but K may be rela- 
tively inaccurate or determinable only as an upper limit. At intermediate 
levels of K, 10-® to 10~° M, as in the case of DPNH and yeast ADH, both 
K and n can be measured and the chief limiting factors in the accuracy of 
the results are the stability and purity of the materials. When K becomes 
still larger, the concentration of bound DPN may become a small fraction 
of the total DPN and the accuracy of K again diminishes. Under such 
conditions, only a limited portion of the titration curve may be examined 
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and the determinations of n and K involve a relatively long extrapolation. 
This is the situation in the binding of DPN by yeast ADH. In Fig. 4, 7 is 
plotted against 7/[C;|. Because of the scatter of the points the values of 
nand K obtained by graphical treatment are uncertain. The mean of the 
K values calculated separately for all of the points that have been obtained 
is (2.6 + 0.8) X 10~, assuming that n is 3.6. It is apparent that from ex- 
periments of this type alone (Fig. 4) a value of n = 3.6 is reasonable but 





40} 


“I! 











1 i i 


0s 1.6 24 





F/EDPNI L.M~(x10™) 

Fic. 4. The binding of DPN by yeast ADH. The scatter of points in different 
experiments is too large to permit accurate extrapolation. The line shown falls on 
points obtained in a single experiment and extrapolates to the same value of # ob- 
tained in DPNH-binding experiments (Fig. 3) and in the competitive binding of 
DPN and DPNH (Fig. 5). 


by no means certain. We therefore justify this figure on the grounds (a) 
that it is in the range indicated by direct experiment and (b) that it is sup- 
ported by the competitive binding experiments to be described. 
Competition between DPN and DPNH—The test for competition be- 
tween DPN and DPNH was obtained by differential analysis of ultra- 
centrifuged solutions containing protein and both forms of coenzyme. The 
DPNH concentrations were determined from optical density measure- 
ments at 340 mu and the DPN concentrations from measurements at the 
same wave-length after reduction with ethanol and ADH. The results of 
such an experiment are shown graphically in Fig. 5 where rppy and rppnu 
at constant total DPN concentration are plotted against the total concen- 
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tration of DPNH which was varied. For the three central pairs of Points, 
which are the most accurate, the sum of the bound DPN and DPNH ; is 
close to 3.6 per molecule of protein and small increments of DPNH ar 


seen to displace bound DPN as would be expected from the relative values 
of K. 











30+ 
A 
— 20 r 
= 
OF 
\ 
20 40 60 &0 10.0 


(DPNH], , M.L- (x10) 


Fia. 5. Competition in the binding of DPN and DPNH by yeast ADH. The 
DPN concentration in each tube was 5.79 X 10‘ mole per liter. Small increments of 
DPNH were added to successive tubes. The concentration of the protein that was 
sedimented (decrease in concentration in the upper layer after sedimentation) was 
2.19 X 10-§ mole per liter. Curve A, binding of DPNH; Curve B, binding of DPN. 
The total coenzyme bound in the three middle tubes of the series is 3.5, 3.66, and 3.59 
moles per mole of sedimented protein. 


The expression for competitive binding, a modification of the equation 
of Klotz et al. (19), is 


[C2] ve TL 
(4) nen-K(14 2 i) a n—K (Gl 


where [C,] and [C2] are the concentrations of the uncombined forms of the 
coenzyme, K, and K; are the respective dissociation constants, and r; and 
r, are the number of molecules of each bound per molecule of protein. 
Thus, if r versus r/[C], plotted for simple binding, is compared with a simi- 
lar plot for binding in the presence of a competitor, the line should have 
the same intercept on the r axis but the competitive plot should have the 
greater slope. Curve B in Fig. 3 shows the DPNH-binding points from 
the competitive experiment. The parameters of Curve B are n = 38 
and K* = 2.4 X 10-5, compared to n = 3.6 and K = 1.3 X 10-* for sim- 
ple binding, Curve A. 
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It can be shown that under the conditions of the present experiment 
(5) K: = K,[C2)}ri/[Cilre 


When the value 1.3 X 10-* for Kppnu is used, a value of 3.1 X 10~ is 
obtained from Equation 5 for Kppy. This is in rough agreement with 
the value obtained when DPN binding was studied alone. 

Kinetics—The reported Michaelis constants for DPN with glyceralde- 
hyde-3-phosphate dehydrogenase and for DPNH with the mammalian 
ADH were found to be more than 200 times greater than the directly de- 
termined dissociation constants of the corresponding enzyme-coenzyme 
complexes (6, 5). Possible explanations for such differences based upon 
the kinetics of the formation and dissociation of the intermediates could 
be formulated along the lines originally proposed by Briggs (20). The ex- 
periments described below are an extension over a wider concentration 
range of the kinetic work of Negelein and Wulff (1) with yeast ADH. 

If the enzymatic reaction occurs through a ternary complex, ethanol- 
ADH-DPN, and both reactants combine with the enzyme and dissociate 
independently of each other and at rates much greater than the intra- 
molecular oxidation rate, then the general expression for the initial velocity, 
», of the reaction (21) is 


VICES] 


6) ”™ (K, + S)(Ke + [Cc 





where V is the maximal velocity at high concentrations of both coenzyme 
and substrate [S], respectively, and K, and K, are Michaelis constants. 
Under the conditions defined, the K figures characterize the simple dis- 
sociation equilibria of the intermediary complexes and may be calculated 
from initial velocity measurements by the relations 


(7) v= V’. — K.(v/[C]) 

(8) v= V',— K,(v/[S]) 

where V’, is the limiting velocity at large [C] for a given [S], and V’, is the 
limiting velocity at large [S] for a given [C]. If suitable values of V’, and 
V’, are obtained, K values may also be derived from the relations 

(9) V'. = V-— K,(V’./[S}) 

(10) Vv’. = V — K.(V",/{C}) 

In Fig. 6, v is plotted against v/[DPN] for a series of five ethanol con- 
centrations. The lines dre essentially parallel and indicate no significant 
effect of ethanol concentration upon K,. The values of V’, from the in- 
tercepts in Fig. 6 are plotted against V’./[EtOH] in Fig. 7. This yields a 


value for K,and V. K,and V’, were also obtained from plots of v ver- 
sus v/[EtOH]. The V’, values so obtained, plotted against V’,/[DPN], 
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yielded again K, and V. The values of V, K,, and K, obtained in these 
Ways are summarized in Table III. The consistency of the results over g 
wide concentration range shows the applicability of the kinetic conditions 
upon which the treatment is based. 











1 


0.2 0.3 
V/IDPN) , MIN?" 

Fic. 6. Initial reaction rates as a function of DPN concentration at each of the 
following initial ethanol concentrations: Curve A, 0.00667; Curve B, 0.011; Curve C, 
0.033; Curve D, 0.167 mole per liter. The points, X, were obtained in 1.09 m ethanol. 
' The reaction mixture (pH 7.9, 26°) contained the following substances, in moles per 
liter: sodium pyrophosphate, 0.05; glycine 0.013; semicarbazide, 0.01; cysteine, 0.001. 
The reactions were initiated by the addition of enzyme. All activities were corrected 
to an enzyme concentration of 2.6 X 10~* mole per liter. The slopes of the lines give 
the Michaelis constant for DPN. 








Inhilntion by DPNH—The interaction of an inhibitor, 7, with an en- 
zyme can be expressed in terms of a dissociation constant, K,, of an en- 
zyme-inhibitor complex. If the competitive binding observed with DPN 
and DPNH on yeast ADH occurs at a catalytic site on the enzyme, then 
K, for DPNH_.in the reduction of DPN by ethanol should be the same as 
Kppwna in the binding experiments. 

An expression for the initial velocity of a single substrate reaction as a 
function of the concentration of the substrate and a competitive inhibitor 
was derived by Lineweaver and Burk (22). The analogous expression, 
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corresponding to Equation 6 for the uninhibited reaction, is 


VICI) 


(11) ”  (K. + [S)(Ke + (C] + Kdll/K) 





Equation 11 may be put in the form 


te... 
~ Ket+{(Cl (Ke + [C)Kr 





(12) v 
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Fig. 7. V’., the maximal velocity at limiting ethanol concentrations, is plotted 
against V’./[EtOH]. The slope is the Michaelis constant for ethanol, K,, and the 
intercept is the maximal velocity, V, of the enzyme at pH 7.9 and 26°. 


According to Equation 12 a plot of v versus v[/] at a given [C] with varying 
[I] should be a straight line. The intercept on the v axis is V’ {C]/(K- + 
[C]), the uninhibited rate. The slope is K./(K. + [C])Kyz, which permits 
the evaluation of K, if [C] and K, are known. 

Two series of reaction mixtures were prepared, one with DPN at an 
initial concentration of 1.59  10-* m and one with an initial DPN con- 
centration of 1.59 xX 10-* m. Various concentrations of DPNH were 
added to the members of the series and the reactions were initiated by the 
addition of enzyme. Since the DPNH produced, as well as that added, 
must be considered, a correction was made by arbitrarily taking as the 
effective inhibitor concentration the average of the zero and 20 second 
concentrations. 

Fig. 8 illustrates the results of such experiments. By using 1.7 K 10-4 
as the figure for K. the values of K found in the series at two different 
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DPN concentrations are 2.2 and 2.5 X 10-*. The agreement among these 
values obtained at DPN concentrations in the range K, to 10K, is kinetic 
evidence that DPN and DPNH compete for the same catalytic sites, 


TaBLeE III 
Kinetic Constants for DPN and Ethanol with Yeast ADH 



































From » = V’, — K-(v/[DPN]) From 9 = V’, — K;(v/[EtOH)) 
EtOH K. V's DPN K, V's 
me | axe |) tet | se | « | ——. 
0.0067 1.7 7,600 | 5 | 0.019 6, 400 
0.011 | 20 | 11,400 | 15 0.021 | 13,400 
0.033 1.8 | 18,500 | 25 0.020 17,300 
0.167 | 1.5 | 23 ,700 35 0.016 17,600 
1.09 2.0 26 , 800 45 0.015 19, 200 
From V’, = V — K,(V’./[EtOH]) From V’s = V — K,.(V’,/[DPN]) 
| £ V K, . 5 
ell eT 


1.4 27,000 | | 0.016 | 26,000 





The experiments were carried out at 26°. 
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Fig. 8. The inhibitor constant, K;, for DPNH in the reduction of DPN by eth- 


anol. The initial velocities, v, are plotted against »[DPNH] according to Equation _ 


12. The initial ethanol concentration was 0.167 mole per liter and the initial DPN 
concentration was 1.59 X 10-% mole per liter. Other experimental conditions as in 
Fig. 6. Ky, from the slope is 2.2 X 10-*. In a similar experiment at one-tenth the 
initial DPN concentration, K; was found to be 2.5 X 10-5. 
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Equilibrium Shifts—Theorell and Bonnichsen (4) observed that the value 
of K’ in the equilibrium 


(DPNH](CH;CHO][H*} 
[DPN][CH;CH,0OH] 





(13) K’ = 


was greatly increased when the concentration of the mammalian ADH was 
raised from the very low levels sufficient to establish good reaction rates to 
concentrations in the range of the total coenzyme concentration. They 
attributed this effect qualitatively to the more extensive complex forma- 


TaBLe IV 


Effect of Yeast ADH Concentration on Equilibrium CH,CH:OH + DPN 
CH,CHO + DPNH + H+ 











aot <— | DPN* DPNH* | CH;CH:0H* pH | K’ X 100 
0.12 10.8 | 27.7 | 99,700 7.82 | 1.08 
0.20 10.5 | 28.0 99,700 7.82 1.13 
0.21 19.9 | 15.5 | 99, 500 7.91 1.49 
0.99 14.2 | 243 | 49,900 | 7.81 1.29 
104 | 10.9 | 24.5 | 49,800 | 7.91 1.36 
1.98 14.2 | 24.3 49,800 | 7.81 1.29 
3.97 21.0 | 17.5 | 15,500 | 7.78 1.61 
7.93 a: |” ta 2,480 7.72 2.59 
11.9 31.3 | 7.25 | 990 | 7.70 3.39 
19.8 32.4 | 6.12 | 494 | 7.65 5.24 

39.7 31.4 | 7.08 | 493 | 7.50 10.2 














These experiments were carried out at 26°. 
* Moles per liter X 10° at equilibrium. 


tion of the enzyme with DPNH than with DPN. This would tend to 
drive the reaction in the direction of increased DPNH formation. It was 
assumed that a DPN-enzyme complex, although not directly observed, 
was formed, but alcohol and aldehyde complexes with the enzyme were not 
considered. Theorell and Chance (5) formulated the kinetics of the reac- 
tion with mammalian ADH without postulating enzyme complexes with 
ethanol or acetaldehyde at all. 

The results of a series of equilibrium measurements with the yeast ADH 
are shown in Table IV. The initial DPN concentrations were constant 
and the ethanol and enzyme concentrations were varied. The pH of each 
reaction mixture was measured after equilibrium was reached. It may be 
seen that large shifts in AK’ occurred at the higher enzyme concentrations 
and that a maximum was not reached. 
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The over-all equilibrium may be formulated as 


DPNHI]|CH;CHO forpnufar ., Jopnu sat 
(14) (DI Ban it 3 ‘HO)an x Sornuf Md. ey J DPNHJald. 
[DPN][CH,CH:,OH] fornfate. fornfate. 





where the quantities in brackets are total molar concentrations and ay is 
the hydrogen ion activity. As a first approximation we may assume that 
the activity coefficients of the free reactants are either unity or constant. 
The f coefficients in Equation 14 are then the fractions of the total con- 
centrations of the reactants that are present in the free form. Under suit- 
able conditions the equilibrium shifts may then be used to evaluate the 
apparent dissociation constants of the complexes formed between reae- 
tants and enzyme (23). In the present case complex formation was studied 
independently and it was thus possible to find out to what extent the bind- 
ing of the reactants was responsible for the shifts in the reaction equilib- 
rium. 

It is to be observed that at enzyme concentrations between 0.02 and 
3.97 X 10-* mole per liter the value of K’ shows no significant shift. As 
the enzyme concentration is increased further, the value of K’ begins to 
increase. The product fppnufaia. thus increases more rapidly than fppyfax. 
Values for fppnn and fppy may be obtained from the relations 
15) (n[P} — [Co))(1C.) — (Col) _ K. 

[Co] 
(Cl - [Gs 
[C1] 





(16) 





= f. 


where n, the number of binding sites per molecule of undialyzed enzyme is 
taken as 4 and subscripts b and ¢ refer to bound and total, respectively. 
. At high enzyme concentrations the total concentration of binding sites was 
in excess of the total coenzyme concentration and greatly in excess of the 
DPNH produced in the reaction. Competition of DPNH thus could not 
greatly affect the binding of DPN. As a first approximation, therefore, 
the presence of DPNH could be neglected in the calculation of the con- 
centration of bound DPN and of fppy. In applying the equations to 
DPNH the concentration of available binding sites was taken as the total 
binding sites minus those occupied by DPN. Qualitatively it makes little 
difference whether the K values determined by the kinetic or the direct 
binding method are used in the calculations, because with the yeast en- 
zyme, unlike the liver enzyme, they are approximately the same. The K 
figures from kinetic experiments were used because they were determined 
at 26°. The values for fppy and fppnn, calculated from Equations 15 and 
16 described above, are shown in Table V for three equilibrium points. 

If the ratio faia./faic. is assumed to be unity and the calculated values of 
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fopnn and fppy are substituted into Equation 14, Keg. still shows a signifi- 
cant increase at high enzyme concentration. From the concentrations of 
ethanol employed and the Michaelis constant for ethanol it is unlikely that 
fe. could be far from unity. The residual increase in K.,. may thus be 
due to the binding by the enzyme of the acetaldehyde produced in the re- 
action. Values of faia. on this assumption may be computed from the re- 
lation fala. = (Keq.fopn)/(K’fopnn), where Keg. = 1.3 XK 10-". These 
values are shown in Column 4 of Table V. Values of Kaig., the dissocia- 
tion constant of the aldehyde-enzyme complex, computed from faig. are 
given in Column 5. The mean value of Kaa. = 1.8 X 10~‘, whereas the 
Michaelis constant reported for acetaldehyde (1) is 1.1 XK 10-. Alter- 


TABLE V 


Apparent Dissociation Constant of Yeast ADH-Acetaldehyde Complex Calculated from 
Equilibrium Shift at High Enzyme Concentration 


ADH, moles per 1. X 10° K’ x 10"* forxst | foent | fata.t | *'ald.X aX 
(1) (2) (3) _ 4) (5) (6) 
Below 4 1.3 40.1) | 1 1 1 1.3 
11.9 3.39 0.38 0.81 0.82 2.0 1.25 
19.8 5.24 0.26 0.73 0.70 1.8 1.31 
39.7 10.2 0.1 1.6 


14 0.53 0.48 


*From Table IV. 

t Calculated from Equations 15 and 16 with Kppn = 1.7 X 10-* and Kppnu 
= 23 X 10-5. 

t Calculated as described in the text. 

§ From Equation 14. 

|| Average of eight determinations. 


natively, if one calculates faia. from an assumed Kai. of 1.8 X 10~ and 
substitutes the values in Equation 14 together with the f coefficients for 
the coenzyme, the calculated values of K.,. are now found to be essentially 
constant over the entire range of enzyme concentrations studied. The 
results thus indicate that acetaldehyde is bound to the enzyme. That it 
is bound at a catalytic site to form a complex intermediary in the enzymatic 
reaction may be inferred from the agreement between Kai. calculated from 
the equilibrium shift and Kaia. determined as a Michaelis constant. 


DISCUSSION 


The physical characterization of yeast ADH and its interaction with co- 
enzyme and substrate are summarized in Table VI, together with per- 
tinent information on the mammalian enzyme. The combining weight of 
both enzymes for 1 mole of DPN is approximately 37,000 gm., but the 
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molecular weight of the yeast enzyme is twice that of mammalian ADH. 
The absorption coefficients at 280 my indicate that the yeast enzyme has 


TaBLe VI 
_ Physical Properties of ADH Crystallized from Y east and from Horse Liver 











Yeast ADH Liver ADH 
= ——————____ 
Present work wae aoe Wulff Theorell e¢ al. (4, 5) 
Seid a daw tevenad 150,000 73,000 
ee  i5'6-0:b cd avacede 6.72 X 1073 4.88 & 10713 
Ai a rer | 4.70 X 107 | 6.5 X 1077 
gS EE 0.769 | 0.751 
Catalytic sites per  molocule.| 4 2 
Esso my. cm.? mole. | 1.89 X 105 | 0.332 x 105 
Michaelis constants, moles per liter, at 26° 
pH 7.9 pH 7.9 pH7 
1 ee eee SaEIn Ree 
| } 
ER Re eer eee Ere em 0.9 X 10-* | 1.3 x 10-5 
SEER ror ee Une near | 23x we 30x we) 12x we 
G25 aha asrn et aaate wea ae 1.8 X 10°? 2.4 X 107? 5.4 X 10-4 (pH 82) 
NRA anurans sacenneneds 11X10 | 1.21 
se dissociation constants, moles per liter (binding, esse mag shift) 
t ‘ . —— i 
0 ee Ere 1.3 X 10-*f 1 X 10°"f 
K'ppn . 2.6 X 10-*f 
Esthet. +... 1.8 X 10-4§ 
rah Maximal velocities (26°) ; Baber: 
pH 7.9 pH 7.9 pH 8.2 
EtOH oxidation............. 6700 9,350 90 
Acetaldehyde reduction...... 15,600 2700 


D and s were determined at 2° in buffer. 


tained by applying temperature and viscosity corrections (15). 


The values for 20° in water were ob- 


are expressed as reactions per minute per catalytic site. 


* Inhibitor constants. 

t By ultracentrifugal separation at 0-5°. 
t By spectrophotometric titration. 

§ From equilibrium shift at 26°. 


a much higher content of aromatic amino acids. 


Maximal velocities 


The partial specific vol- 


umes suggest that the mammalian ADH has a higher content of amino 
The specific activity per catalytic site is 


acids with polar side chains. 
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about 100 times greater for the yeast than for the mammalian enzyme and 
this may be correlated with the observation that the K values for the dis- 
sociation of the coenzyme complexes are of the order of 100 times larger 
for yeast ADH. In both cases the ADH-DPNH complex has a smaller 
dissociation constant than the ADH-DPN complex. 

The maximal velocities in the forward and reverse direction, the Mi- 
chaelis constants, and the equilibrium constant in an enzyme-catalyzed 
reaction are related to each other in a manner determined by the reaction 
mechanism (24). With the yeast ADH the results, at the one pH in- 
vestigated, fit fairly closely the relation 


Vs;KopnaKaia. 
1 Ce * See 
( ?) : V,KoprnKat. 


where K*.q. is the equilibrium constant of the over-all reaction divided by 
the hydrogen ion activity, V; and V, are maximal velocities in the direc- 
tion of ethanol oxidation and acetaldehyde reduction, respectively, and K 
the Michaelis constant. This relation is the one expected from the kinet- 
ics. Alberty (24), using the results of Theorell and coworkers for the 
mammalian ADH, found that the relationships which best fit the results 
contained higher powers of V. Qualitative differences in the mechanisms 
by which the two enzymes catalyze the same over-all reaction are thus in- 
dicated. Similarly, the absence of the spectral shift in the yeast ADH- 
DPNH complex suggests that the two enzymes activate DPNH in a dif- 
ferent way. Whether the mechanisms by which the two enzymes catalyze 


the same over-all reaction differ in any fundamental way remains to be 
established. 


SUMMARY 


1. The molecular weight of alcohol dehydrogenase (ADH) crystallized 
from yeast is 150,000, calculated from sedimentation velocity and diffusion 
measurements. This is approximately twice the molecular weight of the 
ADH crystallized from horse liver. The partial specific volume of the 
yeast enzyme is 0.769, which is somewhat larger than that of the liver 
enzyme. 

2. From binding measurements by the ultracentrifugal separation 
method, yeast ADH binds 4 molecules of DPN or DPNH per molecule of 
protein. The binding is competitive and the dissociation constant of the 
ADH-DPNH complex is about one-tenth that of the ADH-DPN complex. 
The four binding sites appear to be equivalent. 

3. The Michaelis constants for the reduced and oxidized forms of the 
coenzyme are of the same order of magnitude as the directly determined 
dissociation constants of their complexes with the enzyme. 
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4. As a result of the difference in the affinities of yeast ADH for the 
substrates and products of the oxidation reaction, the apparent equilib. 
rium constant is increased at high enzyme concentration. The magnitude 
of the shift may be partially accounted for by the dissociation constants of 
the ADH-DPNH and the ADH-DPN complexes. The full magnitude of 
the equilibrium shift can be accounted for if one assumes the formation of 
an ADH-acetaldehyde complex with a dissociation constant of about 18 
xX 10“, a value which is in agreement with the Michaelis constant for 
acetaldehyde. 

5. The properties of the yeast and mammalian ADH enzymes are com- 
pared. 
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THE ENZYMATIC SYNTHESIS OF NUCLEOSIDES 
I. THYMIDINE PHOSPHORYLASE IN MAMMALIAN TISSUE* 


By MORRIS FRIEDKIN ann DEWAYNE ROBERTS 


(From the Department of Pharmacology, Washington University School of 
Medicine, St. Louis, Missour7) 


(Received for publication, August 24, 1953) 


The release of desoxyribose from thymidine by the enzymatic action of 
nucleosidase present in animal tissues (bone marrow, leucocytes, spleen, 
and kidney) was described by Deutsch and Laser (1) in 1930 and by Klein 
(2) in 1935. In 1947 Kalckar (3) suggested that phosphorolyses of nu- 
cleosidic linkages were probably reactions of wide significance, a generaliza- 
tion based on Kalckar’s demonstration of a reversible phosphorolytic split- 
ting of the purine ribonucleosides, inosine and guanosine. In 1949 Manson 
and Lampen (4, 5) reported that enzyme preparations obtained by am- 
monium sulfate fractionation of calf kidney cleaved thymidine by a phos- 
phorolytic process, resulting in the release of a sugar phosphate ester, pre- 
sumably desoxyribose-1-phosphate. 

When desoxyribose-1-phosphate became available in pure form (6), it 
appeared feasible that a direct enzymatic synthesis of thymidine (Reaction 
1) could be achieved after further purification of thymidine phosphorylase. 


Thymine + desoxyribose-1-phosphate = (1) 
thymidine + inorganic orthophosphate 


In this paper data on the distribution, purification, and properties of 
thymidine phosphorylase are presented. In Paper II (7) the use of this 
enzyme in the synthesis of thymidine, C'*-thymidine, and related pyrimi- 
dine nucleoside derivatives is described. 


EXPERIMENTAL 


Determination of Thymidine Phosphorylase Activity—The spectrophoto- 
metric method for measuring the release of thymine from thymidine was a 
modification of the assay used by Manson (5). The method is based on 
the marked difference in absorption spectra of thymine and thymidine in 
an alkaline medium (8). To 200 ul. of substrate solution containing 16 
um of thymidine! per ml. of 0.2 m Tris-0.1 M arsenate buffer, pH 7.5, were 

* This investigation was supported in part by a research grant from the National 
Institutes of Health, United States Public Health Service. 


! Thymidine was prepared by fractional crystallization in water of the mixed des- 
oxyribosides isolated from n-butanol extracts of phosphatase-treated thymus desoxy- 
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added 200 ul. of enzyme preparation.? After a 90 minute incubation period 
at 38°, the reaction was stopped by the addition of 1.0 ml. of 3 per cent 
perchloric acid. The protein was spun down, and to 500 ul. of the super. 
natant fluid were added 2.0 ml. of 0.83 N NaOH. A zero time sample wag 
prepared as above by the addition of perchloric acid to the substrate soly- 
tion before the addition of the enzyme. ‘The optical densities of the incy- 
bated and zero time samples in alkaline medium were then measured at 
4 = 300 my. The enzymatic activity was proportional to AE 309 (AE 3) = 
E (incubated sample) minus £ (zero time sample)).2 The amount of free 
thymine released was calculated on the basis, AF at \ = 300 mp» = +3.607 
(alkaline medium) when 1 uM of thymidine per ml. is converted to thymine, 
With purified preparations the assay was simplified, for then alkali could 
be added directly to the incubation mixture, without prior removal of pro- 
tein. Inhibition by thymine causes the rate of enzymatic splitting of 
thymidine to fall off rapidly; therefore, a corrected value for AF 300 , based 
on the initial rate of reaction, is calculated from a plot of AX 300 versus the 
dilution of enzyme (Fig. 1).4 The nature of the product inhibition is dis- 
cussed later. All enzyme solutions were routinely diluted with 0.2 m 
NasHPO, for spectrophotometric determination of their protein content by 
the method described by Kalckar (9). 

With crude enzyme preparations it was necessary to correct AZ 39 for the 
release of unknown substances absorbing at \ = 300 my during incubation 
in the absence of thymidine. The magnitude of this correction made it 
difficult to estimate accurately the level of thymidine phosphorylase activ- 
ity in crude extracts. Despite this limitation, the assay method proved 
useful in establishing that liver and intestinal mucosa are particularly rich 
sources of the enzyme, whereas lung, brain, and skeletal muscle are rela- 
tively low in activity (Table I). After further purification of the enzyme, 
the release of absorbing material was absent, and the accuracy of the assay 
method increased considerably. 





ribonucleic acid by a method previously described (6). 10 gm. quantities of the 
desoxyribosides of guanine, hypoxanthine, and thymine were isolated by this pro- 
cedure. We wish to thank Mr. Dan Broida for making available to us the facilities 
of Sigma Chemical Company for vacuum distillation of the butanol extracts. 

* The abbreviation Tris is used throughout the paper for tris(hydroxymethy])- 
aminomethane. 

* Optical density = log (Jo/I), = E,. All spectrophotometric measurements in 
this paper were made with 1 cm. cells. 

‘Since the completion of these studies, the standard assay of thymidine phos- 
phorylase has been modified as follows: the substrate solution has been changed to 
32 wm of thymidine per ml. of 0.1 m succinate-0.1 m arsenate buffer, pH 5.9, and the 
incubation period shortened to 30 minutes. Under these new conditions, a correc- 
tion for product inhibition is not necessary for optical density changes up to AEs» 
= 0.200. The pH has been changed from 7.5 to 5.9, the pH optimum for arsenolysis 
(Fig. 2). 








Fie. 
(Fracti 
of the | 
minati 


enzym\ 


Ext 
0.2m’ 
and sj 
The su 
intesti 
higher 








Intest 
Liver. 
Bone 

Kidne 
Splee: 
Heart 
Lung 
Skele 
Brain 





oa 
of tis 
signil 
tion 1 
X17 





ant 


iv- 


ich 


08- 
| to 
the 
eC- 
7 300 
ysis 





iw) 
nS 
J 


M. FRIEDKIN AND D. ROBERTS 





ee ea ae ee 


.200 


AE300 


100 











ee a oe | 


100 200 300 400 
DILUTION or ENZYME x 104 





Fic. 1. Release of thymine by various dilutions of thymidine phosphorylase 
(Fraction V). The assay was carried out as described in the text. Curve A is a plot 
of the uncorrected spectrophotometric data; Curve B is the plot used for the deter- 
mination of AF (corrected). Explanation of units for the horizontal axis; for an 
enzyme diluted 25-fold, 1/25 X 10¢ = 400. 


TaBLeE I 
Distribution of Thymidine Phosphorylase in Rabbit Tissues 


Extracts were prepared by homogenizing tissues with an equal volume of chilled 
0.2 m Tris-HCl buffer, pH 7.4 (with bone marrow, 2 volumes of buffer were added) 
and spinning down the insoluble material in a Servall centrifuge at 9000 r.p.m. 
The supernatant fluids were used directly for assays, except in the case of liver and 
intestinal mucosa, when further dilution with buffer was necessary because of the 
higher activities encountered. 








Thymidine phosphorylase activity* 

















Tissue 

Rabbit 1 Rabbit 2 Rabbit 3 Rabbit 4 
Intestinal mucosa...................| 9.1 31 15 29 
RS ap el ed | 6.1 10 13 11 
ES 2s oS os 5 sks Oka Sed ee Pare | 3.2 0.60 0.18 3.1 
Kidney......... sesvgvspesibalite a | 1.0 | 1.6 2.3 2.0 
ero " eee i ee ee | 0.50 
Heart 0.05 | 0.55 | 0.27 0.42 
Lung....... ik Sad | 0.27 | 0.88 | 0.13 | 0.27 
Skeletal muscle... . per ee Se None 0.07 
Se eae ee ee ee 0.04 | 0.2 | None 








* Activities are expressed as micromoles of thymine released (corrected) per gm. 
of tissue (wet weight) per hour. Any value of 0.3 or less is not considered to be 
significant. Sample calculation: AE3o9 = 0.100, and tissue concentration in incuba- 
tion mixture = 0.025 gm. per ml.; AE 309 corrected (Fig. 1) = 0.110. Activity = 0.110 
X 17.5 (dilution factor) X 1/3.607 x 60/90 * 1/0.025 = 14.2. 
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The assay of thymidine phosphorylase in crude extracts is further com. 
plicated by the presence of tissue inhibitors. It will be shown later that 
the activity of a rat liver homogenate is increased after the removal of the 
particulates of the mitochondrial fraction. 

Distribution of Thymidine Phosphorylase—The enzyme has been found 
to be widely distributed: liver (horse, beef, rabbit, rat, chick, chick em. 
bryo), intestinal mucosa (rabbit, rat), bone marrow (human sternum and 
rabbit femur), kidney (beef, rabbit, rat, chick), human placenta and cell. 
free extracts of the protozoa, Tetrahymena geleii (10). In a comparative 
study of the distribution of thymidine phosphorylase in the tissues of the 
rabbit (Table I) the general order of activity was intestinal mucosa > 
liver > bone marrow > kidney > spleen. Heart, lung, skeletal muscle. 
and brain showed negligible activity. Other sources had the following 
activities (micromoles per gm. per hour): rat (liver 21, kidney 2.8, 4.4 
intestinal mucosa 89, 58), human sternal bone marrow® 6.4 (average of 
twenty punctures), human placenta 4.4, 4.8. 

Distribution of Thymidine Phosphorylase in Liver Cells and Inhibition by 
Mitochondria—The distribution of thymidine phosphorylase in rat liver 
cells was determined on various fractions obtained by differential centrif- 
ugation of liver homogenized in sucrose (11). The activity remained in 
the supernatant fluid from liver homogenized in 0.25 m sucrose and centri- 
fuged at 25,000 x g for 6 hours at 0°. Upon the addition of dilute acetic 
acid, most of the activity was precipitable and recoverable upon dissolving 
the enzyme in buffer at neutral pH. 

An unexpected finding was that the thymidine phosphorylase activity 
of a liver homogenate increased after removal of the mitochondria by cen- 
trifugation. The data in Table II are representative of many such findings. 
The mitochondrial fraction did not further metabolize the thymine released 

‘from thymidine. 

Isolated mitochondria (either fresh or frozen), when added to the 
soluble fraction, caused an inhibition of thymidine phosphorylase. The 
inhibitor component of mitochondria was stable to sonic disruption (20 
minutes at 0° in a Raytheon 9 ke. magnetostriction oscillator). After 
sonic treatment, it could be precipitated with 2 m (NH,4).SO, but remained 
insoluble in 0.25 m sucrose. 

Preparation of Thymidine Phosphorylase—250 gm. of horse liver powder* 
were shaken for 15 minutes with 2.5 liters of chilled redistilled water. Af- 


5 We are grateful to Dr. Carl Moore and Dr. Virgil Loeb, Jr., of the Department of 
Medicine for making this tissue available to us. 

® The source of this material is “liver powder 37°,” a product of the Viobin Cor- 
poration, Monticello, Illinois. Fresh horse liver is defatted by treatment with eth- 
ylene dichloride and dehydrated by azeotropic distillation of the solvent. 1 gm. of 
powder is equivalent to 4.5 gm. of fresh tissue. 
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ter standing for 30 to 60 minutes at 3-4°, the dispersion was spun in a 
refrigerated International centrifuge in 250 ml. cups at 2500 r.p.m. for 15 
minutes. The slightly turbid supernatant fluid was then filtered through 
fluted filter paper (Fraction I). 

To Fraction I, obtained from four preparations as described above (6700 
ml.), were added 23 gm. of (NH4).SO, per 100 ml. and, after complete 
solution of the salt, the pH was adjusted to 7.5 to 8.0 by the cautious addi- 
tion of 15 m NH,OH (approximately 12 to 15 ml.). 

The precipitated protein was allowed to settle out overnight. Most of 
the clear supernatant fluid was siphoned off the next morning’ and the re- 
maining bottom layer was spun in a Servall centrifuge at 8000 r.p.m. The 
precipitate, 76 ml., was taken up with cold water to a total volume of 250 


TaBLeE II 
Inhibition of Thymidine Phosphorylase by Liver Mitochondria 
Homogenates of four separate rat livers (3 gm. of tissue plus 27 ml. of 0.25 m 
sucrose) were fractionated by the procedure of Schneider and Hogeboom (11). 
Each fraction was diluted with an equal volume of water and assayed by the method 
described in the text. 


AEs (not corrected) 


Liver fraction 
Rat liver |Rat liver Rat liver |Rat liver 
1 2 


Whole homogenate......... See ere ...| 0.173 | 0.180 | 0.190 


os - less nuclei. . : ..| 0.179 | 0.174 | 0.202 | 0.202 


- st ‘* less mitochondria....| 0.264 0.222 0.285 0.300 
ml. and centrifuged, yielding 238 ml. of clear supernatant fluid (Frac- 
tion IT). 

To Fraction II were added 45 ml. of ammoniacal saturated (NH,)S0O, 
(250 ml. of saturated (NH,4)2SO, at 25° plus 1.7 ml. of 15 m NH,OH),. 
The protein was spun down and this procedure was repeated by the further 
addition of 45 ml. of ammoniacal saturated (NH,4)2SO,. The first and 
second protein precipitates were combined, dissolved by the addition of 
cold water to a volume of 200 ml., and dialyzed overnight against redis- 
tilled water (Fraction IIT). 

Fraction III was divided into 30 ml. portions and treated as follows: To 
each portion were added 1.5 ml. of saturated (NH4)2SO, at 3°. The solu- 
tion was brought to the freezing point by immersion in an ethanol-ice bath. 


7 Purine nucleoside phosphorylase was obtained from the supernatant fluid by the 
further addition of (NH,)2SO, to a final concentration of 2.4m. The protein thus 
precipitated was collected, redissolved, and reprecipitated with (NH,)2SO,. The 
enzyme was stored at —20°. 





250 THYMIDINE PHOSPHORYLASE 


6 ml. of absolute ethanol at —15° were then added dropwise. The mix. 
ture was centrifuged at —20°. To the supernatant fluid were added again 
6.0 ml. of absolute ethanol, — 15°, and the second precipitate was spun off. 
Most of the thymidine phosphorylase activity remained in the supernatant 
fluid after the two additions of ethanol. ‘To each of seven tubes contain. 
ing 30 ml. of the alcoholic supernatant fluid (Fraction IV-A) were added 4 
drops of 8.0 nN acetic acid with rapid stirring. The tubes were immediately 
centrifuged at —10° for 15 minutes. The precipitated protein was dis. 
persed in approximately 20 ml. of cold water and completely dissolved 
by the addition of 3.75 n NH,OH to a final pH of 7.5 to 8.0 (Fraction 
IV-B). 











TaB_eE III 
Purification of Thymidine Phosphorylase 
Fraction No. Volume Protein ‘noe e a 
i ml. mg. per ml.| Tae 
Homogenate of fresh horse liver 0.46 
I. Water extract of horse liver 
powder (1 kilo). ......... 6700 15.6 0.57 
Il. 1st (NH,)2S0, fractionation.| 238 93.6 | 2.1 
lI. 2nd “ 210 | 53.2 | 3.5 
IV. Ethyl alcohol fractionation | 
SAO eee eee ee 12.3 
Ethyl alcohol fractionation 
Sse ieatcd  satise nite anae | 14.1 
V. (NH,)2S0O, fractionation. ... 8 40 42.7 
VI. Ultracentrifugation......... 42.7 











To 152 ml. of Fraction IV-B were added 21 gm. of (NH,).SO,. The pro- 
tein was spun down, and to the supernatant fluid were added 24 gm. of 
(NH4)2SO,. The second precipitate dissolved readily in 8.0 ml. of water, 
yielding a dark red solution which was dialyzed free of salt (Fraction V). 
By ultracentrifugation of Fraction V* (80 minutes at 250,000 x g; 10°) it 
was possible to spin down most of the red pigment without any essential 
loss of activity and without any gain or loss in specific activity. It there- 
fore appeared likely that the red pigment was not involved in thymidine 
phosphorylase activity. 

Whole homogenates of fresh horse liver had a specific activity of ap- 
proximately 0.46 (Table III). Thus Fraction V, with a specific activity of 
42.7, represented a 93-fold purification of thymidine phosphorylase from 
whole liver and a 75-fold purification from the commercially available liver 


® We are grateful to Dr. John F. Taylor and Miss Carmelita Lowry of the Depart- 
ment of Biochemistry for the ultracentrifugation of our samples. 
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powder. The same over-all purification was obtained, starting with an- 
other kilo of horse liver powder. 

Water extracts of acetone powder prepared from beef liver also yielded 
active thymidine phosphorylase preparations. 

pH Optimum of Thymidine Phosphorylase—The activity of thymidine 
phosphorylase from horse liver, Fraction II, was determined over a pH 
range of 3.80 to 8.77 and was found to be maximal at pH 5.7 to 6.0 (Fig. 
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Fic. 2. The pH optimum of thymidine phosphorylase. The assay system con- 
sisted of 200 ul. of horse liver enzyme (Fraction II) added to 3.2 um of thymidine in 
200 zl. of the following buffer mixtures: Curve A, 0.05 m H;AsO,-(0.03 m to 0.5 m) Naz 
succinate — pH 3.80 to 5.64; Curve B, 0.05 m H;AsO,-(0.0625 m to 0.5 m) Tris — pH 
6.03 to 8.77. 

Fig. 3. Arsenolysis of thymidine by Fraction VI enzyme. Aliquots, 97.9 ul., were 
taken from incubation mixtures (38°) containing thymidine (Curve A, 0.032 m; Curve 
B, 0.016 m; Curve C, 0.008 m; Curve D, 0.004 m; Curve E, 0.002 m; Curve F, 0.001 m) 
in 0.1 m Tris-0.005 m arsenate buffer, pH 7.5, added to 1.0 ml. of 0.3 Nn NaOH and read 
directly at X = 300 mu. 


2). The pH-activity curve exhibited a plateau, 63 per cent of maximum, 
at pH 8.06 to 8.77. 

Heat Lability of Thymidine Phosphorylase—Fraction II enzyme, when 
subjected to elevated temperatures, decreased in activity, after 8 minutes, 
at 50° 9 per cent, 60° 44 per cent, 70° 97 per cent, and 80° 100 per cent. 

Inhibition of Thymidine Phosphorylase by Thymine—The inhibition of 
the enzymatic arsenolysis of thymidine by the product of the reaction, 
thymine, has been reported by Klein (2) and by Manson (5). 

A closer investigation of the kinetics of the reaction disclosed a situation 
somewhat similar to that described by Schwert and Eisenberg (12) in 
which benzoyl-t-arginine, the product of tryptic hydrolysis of benzoyl-.- 
argininamide, exhibits an inhibition of indeterminate type, being almost 
non-competitive in low concentrations of benzoyl-t-arginine and ap- 
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proaching competitive inhibition with i increasing concentrations of this Te- 
action product. 

The initial reaction rate of thymine release is maintained more effec ‘tively 
when the substrate concentration is increased ( (Fig. 3), the result expected 
in a situation of competitive inhibition by the product of a reaction. The 
higher concentrations, 0.016 and 0.032 m thymidine, would have been bet- 
ter in the standard assay system than the 0.008 level actually used. 
However, a compromise based on earlier data with cruder preparations 
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Fic. 4. Plot of the Lineweaver-Burk equation for inhibition of thymidine ar. 
senolysis by thymine. 1/V is the reciprocal of moles of thymine released per liter 
per 10 minutes (38°) and 1/S is the reciprocal of the initial thymidine concentration 
(7.8 to 31.2 X 10° m in the buffer described for Fig. 3). Thymine was added in final 
concentrations of 0,3 K 10-4 mM, 6 X 10-4 Mm, and 9 X 10-4 m (Curves A, B, C, and D, 
respectively). Fraction VI enzyme was used and reactions stopped with 0.3 x 
NaOH. 

Fic. 5. Phosphorolysis and arsenolysis of thymidine with Fraction II enzyme 
Curve A, 0.0032 m thymidine; Curve B, 0.0032 m thymidine-0.0032 m phosphate: 
. Curve C, 0.0032 m thymidine-0.0032 m arsenate; all in 0.05 m Tris-HCl buffer, pH 


4.0. 


was made for the sake of economy of substrate used in these extended 
studies. 

In Fig. 4 a Lineweaver-Burk (13) plot for the analysis of the type of in- 
hibition of thymidine splitting by thymine indicates that a situation of in- 
determinate competition exists analogous to the tryptic hydrolysis of 
benzoyl-L-argininamide. 

Accelerating Effect of Arsenate and Phosphate on Rate of Thymidine Split- 
ting by Thymidine Phosphorylase—The activation of the enzymatic split- 
ting of thymidine by phosphate and arsenate has been previously described 
(2,4). With arsenate (Fig. 5), thymidine splitting is more rapid than with 
phosphate, and the only limiting factor appears to be product inhibition. 
The spontaneous breakdown of desoxyribose-1-arsenate, the hypothetical 
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intermediate of arsenolysis, eventually leads to the complete splitting of 
thymidine in the presence of sufficient enzyme to escape product inhibi- 
tion. With phosphate the rate of splitting of thymidine is limited by an 
approach to the equilibrium noted in Reaction 1 as well as by product in- 
hibition. With more purified enzyme, Fraction VI, no thymine release 
occurs in the absence of arsenate or phosphate. 

Specificity of Thymidine Phosphorylase—Fraction VI enzyme did not 
catalyze the arsenolysis of adenosine, xanthosine, uridine, cytidine, adenylic 
acid, guanylic acid, uridylic acid, cytidylic acid (all measured by release of 


TaBLe IV 
Incorporation of Inorganic P® into Desoxyribose-1-phosphate 

The incubation mixture consisted of 6.14 wl. of desoxyribose-1-phosphate (0.39 
um of the cyclohexylamine salt in 0.2 m Tris-HCl buffer, pH 7.4), 6.14 wl. of inorganic 
ps (6660 c.p.m.; carrier-free), 24.9 ul. of Fraction VI enzyme, 6.14 ul. of thymine, 
uracil, or hypoxanthine (0.005 um in each case) or 6.14 wl. of HO, and 24.9 yl. of 0.2 
u Tris-HCl buffer, pH 7.4; temperature, 38°. The reaction was stopped by addi- 
tion of 52.1 ul. of ammoniacal magnesia mixture (0.25 m MgCl.-2.5 m NH,CI-7.5 m 
NH,OH). After the addition of 6.14 wl. of NasHPO, (0.2 um), the MgNH,PO, was 
spun off. To 52.1 ul. of the supernatant fluid were added again 6.14 wl. of NasHPO, 
(0.2 wm), the precipitate was spun off, and 42.4 wl. of the supernatant fluid were 
taken for measurement of the P* counts. 


Esterification of inorganic P* 


Time 
} No acceptor + thymine + uracil + hypoxanthine 
min. per cent per cent per cent per cent 
0 0.40 0.15 0.40 0.30 
14 0.25 5.1 2.05 0.70 
30 0.50 9.15 4.15 4.10 
60 0.60 | 21.0 8.80 9.40 


free ribose (14)), and thymidylic acid (measured by release of thymine). 
Purine nucleoside phosphorylase was present, however, as evidenced by 
cleavage of guanosine and inosine. 

Exchange between Inorganic Orthophosphate and Desoxyribose-1-phosphate 
—Thymidine phosphorylase catalyzes an exchange between inorganic P® 
(orthophosphate) and desoxyribose-1-phosphate only in the presence of an 
acceptor, thymine or uracil (Table IV). The mechanism of thymidine 
phosphorylase action thus appears to be very similar to that of the muscle 
and potato phosphorylases (15) and different from that of sucrose phos- 
phorylase (16). 

The exchange which occurs upon the addition of uracil is expected (5, 
17) because of the formation of uracil desoxyriboside and its subsequent 
phosphorolysis. 
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The exchange which occurs upon the addition of hypoxanthine as an 
acceptor (Table IV) reflects the presence of purine nucleoside phosphoryl. 
ase in Fraction IV catalyzing Reaction 2: 


Hypoxanthine + desoxyribose-1-phosphate = (2) 
hypoxanthine desoxyriboside + inorganic P 


When the initial rates of direct arsenolysis of thymidine and inosine were 
compared under the same conditions with whole homogenates of fresh horse 
liver, the ratio of thymidine-inosine splitting was 0.5, whereas with Fraction 
VI the ratio was 27, an indication that with further purification thymidine 


TABLE V 
Enzymatic Determination of Thymidine 
To 227 ul. of a thymidine solution in 2.4 per cent HClO, were added 227 yl. of 03 
M NasPO,, 227 ul. of 0.2 m Tris-0.1 m arsenate buffer, pH 7.5, and 44 ul. of enzyme, 
Fraction IV-A. After 1 hour at 38° the reaction was stopped by the addition of 497 
ul. of 1 mM NaOH. 





Thymidine present Thymidine determined enzymatically 
pM | uM 
0.142 0.134 
0.071 0.060 
0.047 | 0.042 
0.035 | 0.032 
0.028 0.030 


0.024 0.020 


phosphorylase can probably be completely freed of purine nucleoside phos- 

phorylase activity. 

_ Determination of Thymidine with Thymidine Phosphorylase—The com- 
plete arsenolysis of thymidine by thymidine phosphorylase can be used as 

a specific enzymatic means of determining this pyrimidine nucleoside in 

perchloric acid filtrates in a concentration range of 25 to 150 y per ml. 

(Table V). 

Thymidylic acid® can also be determined in a similar way by first de 
phosphorylating the nucleotide with intestinal phosphatase. Since thy- 
midine phosphorylase does not act on the nucleotide, a mixture of thy- 
midine and thymidylic acid can be analyzed enzymatically. 


DISCUSSION 


The thymidine-splitting activity of the enzyme described in this paper 
is due to a phosphorolytic rather than a hydrolytic mechanism. Desoxy- 


* We are grateful to Dr. Waldo Cohn, Oak Ridge National Laboratory, for the gift 
of thymidylic acid. 
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ribose-1-phosphate, the product of the phosphorolysis of thymidine, has 
been isolated (7), and, furthermore, the enzyme catalyzes the synthesis of 
thymidine from thymine plus desoxyribose-l-phosphate (Paper II (7)). 
The enzyme does not catalyze a desoxyribosyl transfer from thymidine to 
adenine or hypoxanthine in the absence of phosphate (10), the transfer re- 
action described by MacNutt (18). 

The thymidine phosphorylase activity of mammalian tissue (Table I) 
can be correlated in a general way with mitotic activity; however, there 
are important exceptions. In adult liver and kidney, where practically no 
cell division occurs, the thymidine phosphorylase activity is relatively 
high. In chick embryos (5 to 18 days), most of the thymidine phos- 
phorylase activity is found in the liver, the rest of the embryo having a 
much lower activity.’° Perhaps, in the chick embryo, cells other than 
those of the liver may be dependent on the liver enzyme as a source of 
thymidine (or a closely related precursor). 

Horse liver thymidine phosphorylase differs from the bacterial pyrim- 
idine nucleoside phosphorylase isolated and purified by Paege and Schlenk 
(19) in that the mammalian enzyme cleaves thymidine and not uridine, 
whereas the reverse is true of the bacterial enzyme. 

A puzzling situation exists in that a slow synthesis of uridine occurs 
when uracil, ribose-1-phosphate, and the mammalian enzyme are incubated 
(Paper II (7)), yet the arsenolysis of uridine with the same enzyme cannot 
be demonstrated. Until this situation is clarified, a decision cannot be 
made as to whether uridine phosphorylase of rat liver described by Cardini 
et al. (20) and thymidine phosphorylase are separate enzymes or not. 


SUMMARY 


Thymidine phosphorylase, the enzyme which catalyzes the reversible 
phosphorolytic splitting of thymidine, has been purified approximately 
90-fold by fractionation of horse liver with ammonium sulfate and ethanol. 

Intestinal mucosa and liver have been found to be particularly rich 
sources of the enzyme. The activity remains in the supernatant fluid 
from rat liver homogenized in 0.25 m sucrose and centrifuged at 25,000 x g 
for 6 hours. 

Rat liver mitochondria inhibit thymidine phosphorylase. The inhibitor 
component is stable to sonic disruption. 

Thymidine phosphorylase catalyzes an exchange between inorganic P® 
(orthophosphate) and desoxyribose-1-phosphate only in the presence of 
an acceptor, thymine or uracil, and thus acts by a mechanism very similar 
to that of the muscle and potato phosphorylases. 

The marked product inhibition of the enzymatic arsenolysis of thymidine 


0 Friedkin, M., Wenger, B., and Roberts, D., unpublished experiments. 
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by thymine has been found to be of an indeterminate type similar to tha} 
which occurs in the tryptic hydrolysis of benzoyl-L-argininamide. 
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The interconversion, thymine + hypoxanthine desoxyriboside — thy- 
mine desoxyriboside + hypoxanthine, was considered by Manson and 
Lampen (4, 5) to involve phosphorolytic reactions in which desoxyribose- 
|-phosphate was the key intermediate: 


Hypoxanthine desoxyriboside + inorganic orthophosphate = (1) 
desoxyribose-1-phosphate + hypoxanthine 


947). Desoxyribose-1-phosphate + thymine = (2) 
thymine desoxyriboside + inorganic orthophosphate 


However, MacNutt (6) found that lactic acid bacterial enzyme prepara- 
ysiol. | tions could catalyze a direct desoxyribosyl group transfer without the in- 
volvement of desoxyribose-l-phosphate. Through the use of crystalline 
desoxyribose-1-phosphate (7) it has been possible to confirm and study 
Reactions 1 and 2 separately. 

In this paper the enzymatic synthesis of thymidine by Reaction 2 in the 
presence of the purified mammalian enzyme, thymidine phosphorylase 
(Paper I (8)), is described in detail. The thymidine thus obtained appears 
to be identical with natural thymidine with respect to its microbiological 
activity, ultraviolet absorption spectrum, x-ray powder diagram, and be- 
havior on anion exchange resin columns. Radioactive thymidine of high 
specific activity has also been prepared by Reaction 2. 

A new and simplified procedure for the isolation of dicyclohexylammo- 
nium desoxyribose-1-phosphate is described, which makes the synthesis of 
other isotopically labeled desoxyribosides more feasible. The enzymatic 
release of inorganic orthophosphate from desoxyribose-1-phosphate has 
been used as an indication of synthesis of several uncommon pyrimidine 
nucleosides, such as the desoxyribosides of 2-thiouracil, 5-aminouracil, and 
}-iodouracil as well as the ribosyl analogue of thymidine. 

* This investigation was supported in part by a research grant from the National 


Institutes of Health, United States Public Health Service. Preliminary reports on 
some of the data presented have been made (1-3). 
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EXPERIMENTAL 
Enzymes and Substrates 
Thymidine phosphorylase used in these studies was prepared from horse 


liver (8). Activities, when given, are expressed as micromoles of thymi- 
dine split per hour per mg. of protein by the arsenolysis assay method (8). 
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Fig. 1. Equilibrium constant for phosphorolysis of thymidine. Phosphorolysis, 
20 um of thymidine, 20 um of dicyclohexylammonium hydrogen phosphate, and phos- 
phorylase were incubated together in a total volume of 1.2 ml. of H.O; temperature, 
37°. Aliquots of 50 ul. each were taken at intervals as indicated, and added to 261.6 
ul. of 3 per cent HCIO,. The protein was spun off, and to 70.6 ul. of the supernatant 
fluid was added 1.0 ml. of 0.3 N NaOH. The optical density at \ = 300 my was then 
determined (see the text). Synthesis, 20 um of thymine and 15.9 un of dicyclohexyl- 
_ ammonium desoxyribose-1-phosphate were incubated with phosphorylase and treated 
as above. 

Fig. 2. Separation of thymidine and thymine by anion exchange resin columns. 
Exchanger, Dowex 2, 13.5 cm. X 0.38 em.2 Eluting solution, 0.01 m formic acid, ad- 
justed to pH 8.95 with 15 m NH,OH; 2.0 to 2.4 ml. per 15 minutes. The resin was 
washed with 1 n solutions of HCl, NaOH, NaCl, and HCOOH, and finally equili- 
brated at pH 8.95 with the eluting solution before applying the samples. (In more 
recent studies, Dowex 1 columns buffered with 0.1 mM ammonium acetate, pH 8.95, 
gave better and more reproducible separations. It was necessary to adhere strictly 
to a pH of 8.95 + 0.05). Curve A, complete system, 1.19 um of thymine, 4.6 um of 
desoxyribose-1-phosphate, and 25 ul. of calf kidney enzyme (8.3 mg. of protein) ina 
total volume of 718 yl. of 0.07 m Tris-HCl buffer, pH 7.4. After 4 hours of incubation 
at 38°, the solution was heated 2 minutes at 100°, the denatured protein was spun 
down, and the supernatant fluid applied to the column. Curve B, thymine was 
omitted from the complete system but added after heat inactivation of enzyme. 
Curve C, desoxyribose-1-phosphate was omitted but added after heat inactivation of 
enzyme. Curve D, complete system minus enzyme. 
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Dicyclohexylammonium Desoxyribose-1-phosphate—Despite repeated ex- 
periments involving many modifications of the previously published method 
(7), the yields have been consistently below 5 per cent based on the nu- 
cdeoside.' Therefore, a more efficient procedure was sought. An exten- 
sion of the use of cyclohexylamine for salt formation of several organic 
phosphate esters (McGilvery (9)) suggested a new procedure which involves 
the enzymatic phosphorolysis of thymidine in the presence of dicyclo- 
hexylammonium hydrogen phosphate. The new method is much less time- 
consuming than the previous one, entailing only one filtration step after 
incubation prior to the appearance of a crystalline product. The yields 
are higher, too, despite the fact that only 25 per cent phosphorolysis of 
thymidine occurs when equimolar quantities of the nucleoside and dicyclo- 
hexylammonium hydrogen phosphate are incubated with phosphorylase 
(Fig. 1). 

A typical preparation follows. Dicyclohexylammonium hydrogen phos- 
phate was prepared by addition of 27.2 ml. of 90 per cent H;PO, in 250 
ml. of 95 per cent ethanol to 100 ml. of cyclohexylamine in 500 ml. of 
ethanol. The precipitated salt thus formed was recrystallized from hot 
water. Incubation mixtures consisted of 2.42 gm. of thymidine (10 mm), 
2.96 gm. of dicyclohexylammonium hydrogen phosphate (10 mm), and 35 
ml. of thymidine phosphorylase (700 mg. of protein; activity 3.5). After 
7 hours at 38°, the enzymatic reaction was terminated by the addition of 
15 volumes (525 ml.) of n-butanol. After 5 minutes of vigorous agitation, 
525 ml. of diethyl ether were added, and the mixture was chilled in an ice 
bath for 20 minutes and filtered for the removal of protein and unreacted 
dicyclohexylammonium hydrogen phosphate. Upon the addition of 1050 
ml. of diethyl ether, crystalline dicyclohexylammonium desoxyribose-1- 
phosphate was obtained. (The unreacted thymidine is soluble at this point 
and can be easily recovered by evaporation of the mother liquor.) The 
salt was recrystallized by redissolving in H,O (17 mg. per ml.) and then 
adding 15 volumes of n-butanol and 45 volumes of diethyl ether. (Final 
yield, 9 to 12.5 per cent, based on thymidine initially present, and 36 to 
50 per cent, based on thymidine reacted.) Over 1 gm. of recrystallized 
dicyclohexylammonium desoxyribose-1-phosphate has been prepared from 
thymidine by this new procedure. 


Results 


Thymidine Formation with Calf Kidney Enzyme—In earlier experiments 
a crude enzyme from calf kidney, prepared by the method of Manson (4), 
1 All of the desoxyribose-1-phosphate used in the present study was prepared by 


the older method (7) from the desoxyribosides of guanine and hypoxanthine with 
horse liver as the source of purine nucleoside phosphorylase (8). 
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appeared to catalyze the formation of thymidine from thymine and desoyy. 
ribose-1-phosphate, a tentative conclusion based on the progressive de. 
crease of optical density at \ = 300 my (alkaline medium) which occurred 
during incubation.? More direct evidence for the formation of thymidine 
was obtained by subjecting incubation mixtures to ion exchange chroma. 
tography. Thymidine could be detected only in complete incubation mix. 
tures containing thymine, desoxyribose-1-phosphate, and calf kidney en. 
zyme (Fig. 2). When any of these components were omitted during the 
incubation period and added after heat inactivation of the enzyme, thy- 
midine was not present in the column eluates. Absorption spectra in acid 
and alkaline media were used to identify the thymidine and thymine frae. 
tions. Microbiological assays with Lactobacillus leichmannii by Dr. B. §, 
Schweigert of the University of Chicago substantiated the chromatographie 
and spectrophotometric data: (Curve A) complete system (Fig. 2), 363 
y of thymidine per ml.; (Curve B) complete system minus thymine, 54 
y per ml.; (Curve C) complete system minus desoxyribose-1-phosphate, 
44 yperml. The apparent thymidine value in controls (Curves B and () 
may have been due to small amounts of vitamin By. in the enzyme prepar- 
tion (L. leichmannii shows growth responses to vitamin By: as well as to 
desoxyribosides). The thymidine isolated from Curve A by ion exchange 
chromatography was microbiologically active, whereas the thymine was 
inactive. 

Synthesis of Thymidine with Thymidine Phosphorylase from Horse Liver— 
With purified preparations of thymidine phosphorylase obtained from horse 
liver (8), the formation of thymidine could be followed either spectro- 
photometrically or by measuring the concurrent release of inorganic phos- 
phate. For each mole of thymidine formed, 1 m of inorganic orthophos- 
phate was released (Table I) according to Reaction 2. In this experiment 
59 per cent of the thymine initially present was converted to thymidine. 
In other experiments with larger excesses of desoxyribose-1-phosphate 
present, conversions of 80 to 90 per cent were obtained. The marked 
spectral changes which occur during these experiments are shown in Fig. 
3. 

Isolation of Crystalline Enzymatically Synthesized Thymidine—3.5 mg. of 
thymine, 34.4 mg. of dicyclohexylammonium desoxyribose-1-phosphate, 
and phosphorylase (1.5 mg. of protein; activity, 40) in a total volume of 14 
ml. of 0.036 m Tris-HCl buffer,? pH 7.4, were incubated for 90 minutes 
at 33°. The reaction was stopped and protein was precipitated by the 


2 The absorption spectra of thymine and thymidine differ markedly in an alkaline 
medium (10). This difference, most marked at \ = 300 my, is the basis for the en- 
zymatic assay of thymidine phosphorylase described in Paper I (8). 

3 The abbreviation Tris is used throughout this paper for tris(hydroxymethy])- 
aminomethane. 
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addition of 15 ml. of acetone. The supernatant fluid was evaporated to a 
volume of approximately 0.1 ml. 8 ml. of acetone were added again. The 


gummy precipitate which formed was gently ground against the side of the 


TABLE I 
Synthesis of Thymidine from Thymine and Desoxyribose-1-phosphate 

Each complete incubation mixture contained 0.26 um of thymine, 0.41 uM of 
desoxyribose-1-phosphate, and 11 7 of phosphorylase (activity, 12) in a total volume 
of 85.1 ul. of 0.059 m Tris-HCl buffer, pH 7.5; temperature, 38°. The reactions were 
terminated at the times indicated by the addition of 50.8 ul. of ammoniacal magnesia 
mixture (0.25 m MgCl.-2.5 m NH,CI-7.5 m NH,OH). Inorganic P, precipitated as 
MgNH,PO,, was determined by the method of Gomori (11). The supernatant fluid 
was diluted with 1.0 ml. of 0.3 Nn NaOH, spun clear, and then the optical density at 
) = 300 mu determined. 


Inorganic P 


A inorganic P 
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Fic. 3. Spectrophotometric data for thymidine formation from thymine plus 
desoxyribose-1-phosphate. The incubation mixture consisted of 0.14 um of thymine, 
0.43 um of desoxyribose-1-phosphate, and phosphorylase (0.17 mg. of protein; ac- 
tivity, 3.5) in a total volume of 73.5 ul. of 0.067 m Tris-HCl buffer, pH 7.4. After 90 
minutes at 38°, the mixture was freed of protein by the addition of 3 per cent HCIO, 
and made alkaline with 0.3 Nn NaOH. Curve A, complete system; Curve B, desoxy- 
tibose-1-phosphate omitted during incubation, but added after HCIO,. 
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vessel with a glass rod until completely dispersed and crystalline in ap- Pr 
pearance. The suspension was chilled in an ice bath for 2 hours and they 290 1 
centrifuged. The supernatant fluid was evaporated to approximately 0J of pl 
ml., 2.0 ml. of n-butanol were added, and finally 8.0 ml. of diethyl ether Tris- 
was | 
TaBeE II prot 
Crystal d Spacings of Natural and Enzymatically Synthesized Thymidine* 0.71 
Natural thymidine Enzymatically synthesized thymidine the s 
—_——— —————_——_——_— }_ acti 
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con ge. aliens ane sn 
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: an 3 chan 
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1 5.9 | , 
3 5.1 | 3d 5.08 Geig 
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| 1 2.22 simt 
2 2.13 3d | 2.12 
2 | 1.868 2 | 1.866 me 
1 1.806 
Rear: er ae eee ree sneer The 
e are greatly indebted to Dr. A. F. Frederickson of the Department of Ge- F 
ology, Washington University, for the x-ray powder data in this table. incu 
pho 
The precipitate was spun off, and the supernatant fluid evaporated to dry- | sign 
ness and taken up with a small amount of warm water. This solution, T 
after chilling, yielded crystals of thymidine. Approximately 2 mg. of re | 2 St 
crystallized desoxyriboside were obtained. ‘ 
The ultraviolet absorption spectra of the enzymatically synthesized thy- ham 
midine in acid and alkaline media were identical with that of thymidine are. 
isolated from thymus desoxyribonucleic acid. X-ray powder spectrogram — 
data (Table IT) corroborated the absorption data. int 
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Preparation of C¥-Thymidine—29 mg. of 2-C-thymine! (25 ye. per mg.), 
290 mg. of dicyclohexylammonium desoxyribose-1-phosphate, and 12 mg. 
of phosphorylase (activity, 40) in a total volume of 11.3 ml. of 0.037 m 
Tris-HCI buffer, pH 7.4, were incubated 90 minutes at 31°. The reaction 
was stopped by the addition of 125 ml. of acetone. After spinning off the 
protein, the supernatant fluid was evaporated to a volume of approximately 
0.7 ml. Acetone, 140 ml., was added again, the precipitate spun off, and 
the supernatant fluid poured into a flask containing 500 mg. of non-radio- 
active thymidine dissolved in 2.0 ml. of water. 

The thymidine was recovered by recrystallization from water, yielding 
five fractions totaling 372 mg. The last two crystalline fractions were 
obtainable only after passage of mother liquors over a Dowex 50 ion ex- 
change column in 0.1 M ammonium acetate buffer, pH 3.9, the method of 
Reichard and Estborn (12). A residue of 151 mg. was not worked up. 

The specific activity of each fraction was the same (200 ¢c.p.m. per 7; 
Geiger tube with window thickness 1.6 mg. per sq. em.) and calculated for 
a 76 per cent conversion of thymine to thymidine in the original incubation 
mixture. 

Each fraction was tested for the presence of contaminating C-thymine 
by adding a small amount to a mixture of non-radioactive thymine and 
non-radioactive thymidine, followed by passage over a Dowex 1 ion ex- 
change column in 0.1 M ammonium acetate buffer, pH 8.95. The thymine 
thus recovered was completely free of C', whereas the thymidine was 
labeled. 

Specificity of Synthetic Reaction—The enzymatic release of inorganic or- 
thophosphate according to the Kalckar reaction (13) can be used as a very 
simple indication of nucleoside synthesis: 


Ribose-1-phosphate (or desoxyribose-1-phosphate) + base = (3) 
ribose-1-base (or desoxyribose-l-base) + inorganic orthophosphate 


The direct precipitation of inorganic orthophosphate as MgNH,PO, from 
incubation mixtures containing initially desoxyribose-1-phosphate, phos- 
phorylase, and the base in question serves as an immediately discernible 
sign of nucleoside synthesis.® 

The 5-substituted uracil derivative, 5-aminouracil, appears to be as good 
a substrate for nucleoside synthesis as thymine or uracil (Table IIT) with 


‘ The radioactive thymine (prepared at the Southern Research Institute, Birming- 
ham, Alabama) was a gift of the Sloan-Kettering Institute for Cancer Research. We 
are especially indebted to Dr. George B. Brown for making this labeled compound 
available to us. 

’ The formation of the riboside and desoxyriboside of 8-azaguanine was detected 
in this way (2). 
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the 5-iodo, 5-bromo, 2-thio, and 5-iodo-2-thio derivatives approximately 
half as active. Orotic acid and 5-methyleytosine were completely inactive 
as substrates. 

A commercial preparation of cytosine which initially showed a strong 
reaction by the test was found to be contaminated with uracil. After 
purification by chromatography, cytosine was found to be completely in. 
active. 

Twenty of the well known amino acids showed no reaction. Ureidosue. 
cinie acid, 8-aminoisobutyric acid, and 6-methyluracil were also inactive. 


TaB_e III 
Nucleoside Synthesis with Various Pyrimidine Bases 
The incubation mixture contained 0.25 um of pyrimidine,* 0.40 um of desoxyriboge. 
1-phosphate, and Fraction VI phosphorylase in a total volume of 85.4 ul. of 0.07 y 
Tris-HCl buffer, pH 7.4; temperature, 38°. After 30 minutes, 50.7 ul. of ammoniacal 
magnesia mixture were added and inorganic phosphate was determined as in Table 


i. 


Pyrimidine base Inorganic P released, Pyrimidine base Inorganic P released, 
uM uM 
Thymine 0.22 5-Chlorouracil 0.06 
Uracil 0.22 5-Nitrouracil 0.03 
5-Aminouracil 0.21 Dihydrothymine 0.02 
5-Iodouracil 0.14 Barbituriec acid 0.02 
2-Thiouracil 0.12 5-Methyleytosine 0.01 
5-Bromouracil 0.11 Orotic acid 0.01 
5-lodo-2-thiouracil 0.11 None 0.01 


5-Bromo-2-thiouracil 0.08 


* We are grateful to Dr. Philip Newmark for making available to us the substi- 
tuted pyrimidines used in this study. 


When ribose-1-phosphate was incubated with thymine and phosphory- 
lase, a slow conversion to nucleoside occurred, as evidenced by inorganic 
orthophosphate release and spectral shifts in alkaline medium. Assuming 
that ribosylthymine has the same molecular extinction value as desoxy- 
ribosylthymine, both the phosphate data and spectral data indicated 11.5 
per cent conversion to the nucleoside, with a phosphate-nucleoside ratio 
of unity. Under the same conditions (Table I) 59 per cent conversion to 
desoxyribosylthymine occurred. 

A slow reaction with ribose-l-phosphate also occurs with uracil as a 
substrate (0.13 um of inorganic orthophosphate released under the condi- 
tions of Table III). Since mixtures of ribose-1-phosphate and desoxy- 
ribose-1-phosphate gave the same rate of inorganic orthophosphate release 
and optical density decrease at \ = 300 my as with desoxyribose-1-phos- 
phate alone, the slow ribosyl reactions with thymine cannot be attributed 
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to the presence of an inhibitor in the ribose-1-phosphate samples used in 
these tests and must depend on the marked substrate specificity of thy- 
midine phosphorylase. 

Conditions for the formation and isolation of thiouracil riboside have 
recently been investigated by Dr. Donald Strominger in this laboratory. 
His findings are to be published elsewhere. 

DISCUSSION 

The isolation of crystalline thymidine prepared by enzymatic synthesis 
from thymine and desoxyribose-1-phosphate afforded an opportunity to 
prove undeniably that the desoxyribose of thymidine is identical with the 
desoxyribose of the purine desoxyribonucleosides. The ultraviolet spectra, 
the x-ray powder diagram data, and the behavior on anion exchange resin 
columns all indicate that enzymatically synthesized thymidine whose sugar 
source is purine nucleoside is identical with natural thymidine. This sup- 
ports the conclusion of Manson and Lampen (5) that the pyrimidine-bound 
sugar of thymidine is p-2-desoxyribose, the sugar known to be present in 
the purine nucleosides. These investigators pointed out that pyrimidine 
nucleoside formed when hypoxanthine desoxyriboside is incubated with 
thymine has the same FR, on filter paper chromatograms as the thymidine 
isolated from thymus desoxyribonucleic acid, and that also the hypoxan- 
thine nucleoside synthesized from hypoxanthine and thymidine has the 
same Ry as natural hypoxanthine desoxyriboside. 

At the present time there is no method available for the preparation of 
isotopically labeled thymidine by strictly chemical synthesis. Reichard 
and Estborn (14) used a biosynthetic method which involved the isolation 
of desoxyribosides from the desoxyribonucleic acid of bacteria grown in 
a medium containing N'*-ammonium salt. The more direct enzymatic 
method utilizing nucleoside phosphorylase, described in this paper, allows 
for the preparation of thymidine with very high C™ content. 

The usefulness of isotopically labeled thymidine lies in the unique situa- 
tion in which thymidine is specifically utilized for the synthesis of desoxy- 
ribonucleic acid with very little if any diversion into ribonucleic acid, a 
very important finding by Reichard and Estborn (14). Radioactive thy- 
midine should prove to be an excellent tracer for the elucidation of path- 
ways of desoxyribonucleic acid synthesis. 

The enzymatic synthesis of nucleosides with unnatural pyrimidines (5- 
aminouracil and 2-thiouracil) and unnatural purines (8-azaguanine) em- 
phasizes that the specificities of the phosphorylases involved in nucleoside 
synthesis now cover a much broader spectrum of substrates than was form- 
erly known. Perhaps the true physiological substrates of the nucleoside 
phosphorylases are yet to be discovered. 








266 ENZYMATIC SYNTHESIS OF THYMIDINE 


The synthesis of the uncommon nucleosides by the nucleoside phosphory. 
lases may be the primary enzymatic event which eventually results in the 
known antimetabolic effects of the unnatural pyrimidine and purine bases 
Kalckar* has suggested that these compounds may owe their antimetabolic 
activity to their capacity to act as “ribose or desoxyribose traps;” te, 
ribose-1-phosphate which normally reacts with physiological substrates vig 
the nucleoside phosphorylases would be trapped as the unnatural nucleo. 
side. 


SUMMARY 


1. Thymidine, synthesized by a reaction between thymine and desoyy. 
ribose-1-phosphate in the presence of the mammalian enzyme, thymidine 
phosphorylase, has been isolated in crystalline form. This thymidine js 
identical with thymidine isolated from thymus desoxyribonucleic acid on 
the basis of its ultraviolet spectrum, x-ray powder diagram, and behavior 
on anion exchange resin columns. 

2. A new simplified procedure for the isolation of desoxyribose-1-phos. 
phate has been developed which involves the phosphorolysis of thymidine in 
the presence of dicyclohexylammonium hydrogen phosphate followed by 
an n-butanol-diethyl ether fractionation which yields crystalline dicyeo 
hexylammonium desoxyribose-1-phosphate after a single filtration step. 

3. C%-Thymidine of high specific activity has been prepared for studies 
of desoxyribonucleic acid metabolism. 

4, The enzymatic formation of several uncommon pyrimidine nucleosides 
is reported. 


Addendum—A more detailed discussion of Kalckar’s “ribose trap” theory has 
appeared in print (15). 
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THE ROLE OF GLUTAMINE IN THE SYNTHESIS OF ARGININE 
BY LACTOBACILLUS ARABINOSUS* 
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(From the Department of Biochemistry and Nutrition, Texas Agricultural Experiment 
Station, Texas Agricultural and Mechanical College System, 
College Station, Texas) 


(Received for publication, September 23, 1953) 


Stokes and Gunness (1) and Lyman ef al. (2) found that the amino acid 
requirements of Lactobacillus arabinosus vary with the composition of the 
basal medium. Lyman et al. (2) showed that the organism could synthe- 
size arginine if grown in the presence of pyridoxamine and carbon dioxide. 
Hood and Lyman (3) observed that increased amounts of glutamic acid 
were necessary for rapid growth in the absence of arginine and that meth- 
jonine sulfoxide (MSO) inhibited growth. ‘This inhibition was removed by 
adding glutamine to the medium. It was also shown by these authors that 
citrulline was more effective than glutamine in replacing arginine in such 
a medium, indicating that glutamine might be functioning in the synthesis 
of citrulline from ornithine or some other intermediate. 

The purpose of this paper is to report the results of further experiments 
designed to study the mechanism of the utilization of glutamine in the 
synthesis of arginine by L. arabinosus. The organism was grown in media 
of varying composition containing N'*-labeled glutamine. Arginine was 
isolated and the distribution of N™ in the molecule was determined. 


EXPERIMENTAL 


Preparation and Analysis of N* Glutamine—N"-labeled glutamine was 
prepared from beets soaked in a dilute solution of N'H,NO; as described 
by Hood et al. (4). In the present investigation, both the amide nitrogen 
and the a-amino nitrogen were isolated in solid forms suitable for Dumas 
combustion (5) and subsequent analysis with the mass spectrometer. 

A 50 mg. sample of N'-labeled glutamine was boiled for 2 hours in 6 ml. 
of 6 Nn HCl under a reflux condenser and then vacuum-distilled to near 
dryness. The residue was rinsed into a 50 ml. filter flask with two 1 ml. 
portions of water, 5 ml. of 4 n NaOH were quickly added, and the flask 
immediately fitted with a rubber stopper containing a small glass tube for 


* This investigation was supported in part by a grant from the Nutrition Founda- 
tion, Inc. 

t Present address, Department of Oceanography, Agricultural and Mechanical 
College of Texas, College Station, Texas. 
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passing nitrogen gas through the solution as a carrier gas. A small drying 
tube of NaOH pellets was placed between the flask and a tall thin 25 mj 
graduated cylinder containing a fresh solution of 140 mg. of oxalic acid jy 
20 ml. of ethanol. The ether, oxalic acid, and ethanol must be absolutely 
dry. The gas was bubbled slowly through the ethanol solution to insure 
maximal contact between the ammonia and the oxalic acid. The flask was 
heated gently at the beginning and again after 1 and 2 hours to remove any 
dissolved ammonia. Nitrogen was passed through for 5 hours longer; then 
100 ml. of ether were added to precipitate monoammonium oxalate. — This 
was removed by centrifugation and dried in a vacuum desiccator. 

The glutamic acid residue was vacuum-distilled to dryness, taken up in 
10 ml. of water, and passed over 10 gm. of Amberlite IRC-50 (H) to remove 
sodium ions. The solution was again evaporated to dryness, leaving the 
glutamic acid. 

The samples were oxidized by the Dumas method and the nitrogen was 
analyzed with the mass spectrometer. Preparation 1 contained a total of 
7.52 atom per cent excess N', 9.74 in the amide group and 5.15 in the 
a-amino group. Preparation 2 had a total of 3.19 atom per cent excess 
N" with 4.65 in the amide group and 1.74 in the a-amino group. 

Growth and Preparation of L. arabinosus Cells—In each experiment 10 
liters of L. arabinosus arginine-free medium (2) supplemented with 2 gm. 
of asparagine were prepared. The levels of glutamic acid and ammonium 
chloride were varied in the different experiments. 5 liters were placed in 
each of two 8 liter bottles and autoclaved for 15 minutes at 15 pounds 
pressure. The solutions were cooled and to each a sterile concentrated 
solution of 25 gm. of MSO and 100 mg. of N"-glutamine was added. 
MSO was prepared by the method of Roper and MclIlwain (6). Glutamine 

and MSO were sterilized by filtration through sintered glass filters and 
~ added aseptically. The bottles were inoculated with 25 ml. suspensions of 
L. arabinosus cells of medium turbidity, and the cotton plugs were replaced 
by sterile rubber stoppers fitted with glass tubing for passing through 6 to 
8 liters of a 6 per cent carbon dioxide in air mixture. The bottles were 
incubated at 37°. The cells were collected by centrifugation, washed with 
saline, then acetone, dried, and weighed. The cells were hydrolyzed for 
24 hours with 100 ml. of 6 Nn HCl per gm. of cells. The hydrolysate was 
evaporated in vacuo to dryness, taken up in 500 ml. of water, and distilled 
twice more to remove excess HC]. The residue was taken up in 100 ml. of 
water, filtered, and assayed microbiologically for arginine content. 

Isolation of Arginine from L. arabinosus Cells—An amount of unlabeled 
L-arginine equal to the arginine content of the hydrolysate was added and 
arginine isolated by a column of Amberlite IRA-400 as described by Win- 
ters and Kunin (7). The solution which passed through the column was 
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concentrated and the arginine isolated as the benzilidine arginine deriva- 
tive (8). 

Benzaldehyde was removed by steam distillation (9) and the residue con- 
centrated to dryness. The arginine was split into ornithine and urea by 
the use of an arginase preparation extracted from fresh calf liver, as de- 
scribed by Greenberg (10). 2 ml. of the enzyme were added to the ar- 
ginine dissolved in 3 ml. of glycine buffer, pH 9.3 (11). The flask was in- 
cubated for 10 hours at 40°. 

Isolation of Urea—A modification of the Folin-Wu procedure (12) was 
employed to remove the enzyme. After adding 0.5 ml. of 10 per cent 
sodium tungstate and 7 ml. of glacial acetic acid, the flask was vigorously 
shaken and then centrifuged. 

Urea was isolated from the supernatant fluid as the dixanthydrol deriva- 
tive (13). The precipitated derivative was recrystallized from boiling 
acetic acid (14). 

Isolation of Ornithine—Residual xanthydrol was removed from the urea 
filtrate by evaporating to dryness, dissolving in 2 ml. of water, and filtering. 
Ornithine was then isolated as the dibenzoyl derivative (15). Several 
recrystallizations were necessary to obtain a constant melting point. 

Degradation and Analysis of Ornithine—To determine the location of the 
N® in the isolated ornithine the a-amino nitrogen was removed for spec- 
trometric analysis by the Van Slyke deamination procedure (16). A 35 
mg. sample of dibenzoyl ornithine prepared in Experiment 3 was hydro- 
lyzed for 2 hours in 20 ml. of 8 nN HCl. The solution was evaporated 
in vacuo twice to remove excess HCl, taken up in 2 ml. of water, filtered, 
and deaminized in a Van Slyke deamination apparatus for a predetermined 
time sufficient to remove only the a-amino nitrogen. This sample, 2 ml. 
of nitrogen equal to 1.074 mg. of y-amino nitrogen consisting of equal 
amounts of nitrogen from the a-amino position and from the nitrous acid 
employed, was analyzed with the mass spectrometer and the values were 
corrected for dilution. 

Experiment 1—The medium contained 1 gm. of glutamic acid and 10 
gm. of NH,Cl per 10 liters. The incubation time was 36 hours. The dried 
cells, which weighed 6.32 gm., contained 126 mg. of arginine. The ben- 
zilidine arginine derivative (126.7 mg.) melted at 204—207° (theory 206°). 

After splitting the arginine, 56.8 mg. of dixanthydrol urea decomposing 
at 258-260° (theory 257—258°, decomposition) and 35 mg. of dibenzoy] 
ornithine melting at 177—182° (theory 184—185°) were obtained. 

Experiment 2—The conditions were the same as in Experiment 1. Yields 
of derivatives were similar. 

Experiment 3—The medium contained 0.2 gm. of glutamic acid, 5 gm. 
of NH,Cl, and 2 gm. of ornithine. The incubation time was 40 hours. 
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Growth was considerably reduced owing to the decrease in glutamic acid 


and NH,Cl concentration. The dried cells (2.66 gm.) contained 32.45 mg. yt 
of arginine. To this were added 50 mg. of carrier arginine. The yield of 
benzilidine arginine was 105.7 mg. (m.p. 201-203°), of dixanthydrol ure 
114 mg. (m.p., decomposition at 260°), and of dibenzoyl ornithine 96.9 mg | 


(m.p. 177-182°). The a-amino group of the ornithine was removed for 
N® analysis as described above. ] 
Experiment 4—The composition of the medium was the same as in Ex. 
periment 3, except that no ornithine was added. 
Experiment 5—The medium contained 5 gm. of ammonium chloride and ] 
only 0.1 gm. of glutamic acid per 10 liters. 















































TABLE I 
Concentration of Varied Components of Basal Medium and Distribution of N" in ad 
Products Isolated _ 
aspa 
‘oii oa N15 in isolated products, atom per cent excess Pap 
Experi- | NHiCl |Glutamic | —_______— a It 
"No. . ps ad | | O O | Ratio, citrt 
o. m : ai, | Aoi Orni- | rni- rni- | aa , 

Total | Amide | Amino | ine | Ure® | thine | thine, — ry et al 

| } 2 
sacle BA Seey Se ee A ee Pee See le rat 
oh | T6h | | | func 
1 | 10 | 1.0 | 7.52| 9.74 | 5.15 | 1.05 | 1.05 | 0.91 | | 0.87 whi 
2 | 10 | 1.0 | 7.52 | 9.74 | 5.15 | 1.62 | 1.74 | 1.37 | | 0.79 L 

| | | | 

3* 5 | 0.2 7.52 | 9.74 | 5.15 | 1.57 2.01 | 1.12 | 2.18 | 0.06 | 0.56 glut 
4 5 | 0.2 | 3.19 | 4.65 | 1.74 | 1.22 | 1.44 | 0.98 | 0.68 ‘ive 

5 5 | 0.1 | 3.19 | 4.65 | 1.74 | 2.55 | 2.90 | 2.20 | | 0.76 
r | | ae four 
* 2 gm. of unlabeled ornithine added per 10 liters of medium. drol 
mot 
All samples were oxidized by the Dumas method (5), and the nitrogen aml 
obtained was analyzed with the mass spectrometer for atom per cent excess the 
N™. The measured values were corrected for carrier dilution. Way 
of J 
RESULTS AND DISCUSSION nits 
The distribution of N' in the degradation products of arginine isolated tha: 
from the L. arabinosus cells is given in Table I. fun 
Hood and Lyman (3) showed that citrulline was more effective than cell 
glutamine in stimulating growth of L. arabinosus in arginine-free medium pos 
containing MSO. It was also found that ornithine was inactive in the 7 
absence of glutamine. These findings suggest that glutamine may fune- orn 
tion in a step between ornithine and citrulline by supplying the nitrogen tan 
for citrulline synthesis as shown in the accompanying equation. If this exp 


postulate is correct, then N' should be present in the urea obtained by syn 
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splitting the isolated arginine. The results of Experiments 1 and 2 give 
evidence in favor of this hypothesis. With 2 gm. of asparagine in the 


O O O 
H WA H H || WA 
HC—NH, C—N*H, HC—N—C—N*H: C—OH 
| | 
| | | 
HCH HCH HCH HCH 
| + CO,2 + | — | + | 
HCH HCH HCH HCH 
] | | 
| | | 
HC—NH, HC—N*H: HC—NH, HCN*H, 
| | 
COOH COOH COOH COOH 
Ornithine Glutamine Citrulline Glutamic acid 


medium, the 2nd nitrogen in the guanidino group might be derived from 
aspartic acid in a mechanism similar to that described by Ratner and 
Pappas (17) for the amination of citrulline to form arginine. 

It would appear that there is a major difference between the pathway for 
citrulline synthesis in this organism and that in animal tissue, since Cohen 
et al. (18-20) reported that the source of nitrogen for citrulline synthesis in 
rat liver preparations was ammonia. These workers found no specific 
function of glutamine in their tests except as a source of glutamic acid, 
which was required. 

Lactobacillus arabinosus cannot synthesize arginine in the absence of 
glutamine, even though the medium contains relatively high concentrations 
of ammonium ions. Because of this, it seems improbable that the N™ 
found in the guanidino portion of the arginine arrived there through hy- 
drolysis of glutamine to ammonia, followed by the utilization of the am- 
monium ion for arginine synthesis. Also the ratio of glutamine nitrogen to 
ammonium nitrogen in the medium was 1:68, and considerable dilution of 
the N™ in the guanidino nitrogen might be expected if this were the path- 
way. However, this consideration is based on the assumption that cells 
of L. arabinosus are readily permeable to both glutamine and ammonium 
nitrogen. If the cell walls are considerably more permeable to glutamine 
than to ammonium nitrogen, then the possibility exists that glutamine is 
functioning to make nitrogen available in a suitable form inside of the 
cells. The experiments reported here are not sufficient to eliminate this 
possibility. 

Table I shows that substantial amounts of N' also appeared in the 
ornithine fraction of the arginine. Rapid transamination between glu- 
tamine and ornithine or arginine could account for this. An alternative 
explanation, involving a possible second function of glutamine in arginine 
synthesis by this organism and the possibility of a pathway for arginine 
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synthesis which does not involve ornithine, was considered. The addition 

















of carbon dioxide and ammonia to glutamine to form e-carbamylglutamine _ 
and the subsequent reduction of this compound would result in the synthe. 
sis of citrulline without the preliminary formation of ornithine. If this 
were a major pathway, then the distribution of N" in the a and 4 positions Gl 
of ornithine should resemble that of the glutamine used in the medium. woh 
Experiment 3 was designed to give evidence concerning this postulate, St 
The lack of N' in the 6 position of the ornithine is evidence against such erabr 
a mechanism. show 
If glutamine were converted to glutamic semialdehyde or its acetylated aton 
derivative and this in turn to ornithine, the distribution of N™ in the iso- nn 
; r T ornit 
2.0F A 
Nb 
x LSP 
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2 1.0} oo A . 2.1 
= 7 
3 Vi 3. 1 
=05 Y , 4.1] 
a. J 
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4G. GLUTAMINE v. 
Fig. 1. The effect of ornithine on growth of L. arabinosus in the presence of methi- : 
onine sulfoxide and limited amounts of glutamine. Curve A, glutamine; Curve B, 10. 
glutamine plus ornithine. 
ri. 

_ lated ornithine would be in accord with the experimental findings reported 12. 
above. N-Acetylglutamic-y-semialdehyde has been reported to be an in- 13. 
termediate in ornithine synthesis by E. coli (Vogel (21)). 14. 

In order to ascertain whether ornithine was utilized at all by the or- “4 
ganism for growth, a test was set up in stoppered 50 ml. Erlenmeyer flasks. 
The organism was grown in the same supplemented medium as that used 17. 
in Experiment 3, containing limited amounts of glutamine with and with- 18. 
out ornithine. A 6 per cent carbon dioxide in air mixture was passed ». 
through the flasks by means of sterile inoculating needles and rubber tub- 4 


ing. After a 40 hour incubation period growth was measured by titration 
of the lactic acid produced. The results, shown in Fig. 1, indicate that 
ornithine can be utilized by L. arabinosus. 


We wish to thank Dr. Glen D. Hallmark of the Electrical Engineering 
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Department, Agricultural and Mechanical College of Texas, for the analy- 
sis of the isotopic nitrogen samples. 


SUMMARY 


Glutamine is essential for the synthesis of arginine by Lactobacillus 
arabinosus. Glutamine can be replaced by citrulline but not by ornithine. 

Studies on the distribution of N' found in arginine isolated from L. 
arabinosus cells which were grown in the presence of N'-labeled glutamine 
showed that the amide group of glutamine is the source of 1 of the nitrogen 
atoms of the guanidino group of arginine. The findings indicate that the 
essential function of glutamine is to supply nitrogen for the conversion of 
ornithine to citrulline. 

A method of degradation of glutamine with separate collection of the 
N-nitrogen fractions for isotopic analysis is described. 
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THE METABOLISM OF THE ORGANIC ACIDS OF 
TOBACCO LEAVES 


VII. EFFECT OF CULTURE OF EXCISED LEAVES IN SOLUTIONS OF 
(+)-TARTRATE 


By HUBERT BRADFORD VICKERY anp JAMES K. PALMER 


(From the Biochemical Laboratory of The Connecticut Agricultural Experiment 
Station, New Haven, Connecticut) 


(Received for publication, October 19, 1953) 


In an earlier study of the effect of culture of excised tobacco leaves in 
darkness in solutions of a number of common organic acids (1), it was noted 
that the behavior of the malic and citric acids in leaves cultured in (+)- 
tartrate differed little if at all from that observed in the control samples 
cultured in solutions of inorganic salts. However, the so called “unknown 
acid” fraction, z.e. the acidity due to acids other than malic, citric, and 
oxalic, increased to an unusual extent. It accordingly seemed probable 
that tartaric acid is neither metabolized itself nor does its presence affect 
the metabolism of the normal organic components of the leaves under the 
experimental conditions. 

The development of chromatographic methods for the determination of 
the organic acid components of extracts of plant tissues has recently made 
it possible to examine this result more closely. It has been found that 
(+)-tartaric acid, the form of this substance which occurs in grapes and 
in a few other plant tissues,' is readily taken up by tobacco leaves as its 


1Franzen and Helwert (2) in 1923 examined all references to the occurrence of 
tartaric acid in plants. They concluded that, of 82 cases in which the presence of 
this acid had been claimed, only six were supported by chemical evidence acceptable 
tothem. These were oak wood (Quercus pedunculata), the fruit of the grape (Vitis 
vinifera) and of the tamarind (Tamarindus indica), the sap of the sugar maple (Acer 
saccharum), unripe beet root (Beta vulgaris), and European mountain ash berries 
(Pyrus aucuparia). However, Franzen and Ostertag (3) were unable to confirm the 
presence of tartaric acid in mountain ash berries and no evidence for it was found 
during a recent chromatographic examination in this laboratory. Only a few other 
plant tissues have been reported to contain tartaric acid since Franzen and Helwert’s 
review. The fruit of Dialium indum from Java (4), the fruit and leaves of Bauhinia 
reticulata from tropical Africa (5), the fruit of Sandoricum koetjape from the Philip- 
pines (6), and the leaves of Ecdyasanthera rosea from Formosa (7) are the most im- 
portant. Tartaric acid has also been identified as a product of the metabolism of a 
Fusarium type fungus Gibberella saubinetii (8). However, the occurrence of tartaric 
acid as a product of the metabolism of lower orders of plants seems to be extremely 
rare (9); on the contrary, as has been known since the early work of Pasteur (10), 
(+)-tartaric acid is metabolized by a number of species of bacteria and molds. 
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sodium salt and accumulates quantitatively in the cells exactly as has been 
found to be the case for p-malic acid (11) and for oxalic acid (12) under 
similar conditions. The leaves remained fully turgid and showed no eyi- 
dence of damage, and the increase in citric acid and decrease in malic acid 
were closely similar in magnitude to the effects upon these two acids ob- 
served in the control leaves cultured in inorganic salts. The inferences 
drawn from the early preliminary test have thus been confirmed. 

Notwithstanding the fact that tobacco leaves appear to contain no ep- 
zyme systems capable of metabolizing (+ )-tartaric acid, the influx of the 
sodium salt, under the conditions of culture adopted, gave rise to a mark- 
edly increased respiration of the tissues. The effect of culture in tartrate 
is thus similar to that observed with all of the other organic acids that have 
been examined in this respect; whether metabolized or not, all stimulate 
the loss of organic solids when made available to the cells as salts at reac- 
tions in the vicinity of the natural pH of the leaves. 


EXPERIMENTAL 


The plants of Nicotiana tabacum, var. Connecticut shade-grown, were 
raised in the greenhouse in the season of 1951 and were sampled by the 
statistical method (13) 63 days after the seedlings had been set out, ten 
samples of twenty leaves each being collected from twenty plants from 
which the inflorescence had been removed about 10 days earlier. The uni- 
formity of the samples is indicated by the mean fresh weight of 283.9 + 
5.5 gm. and the nitrogen content of 4.89 + 0.075 gm. per kilo of fresh 
weight. The coefficients of variation were thus 1.9 per cent for the fresh 
weight and 1.5 per cent for the nitrogen content. 

One sample was at once dried for analysis, and control samples were 
cultured in the dark in water, in 0.2 mM potassium chloride, in 0.2 M magne- 
sium chloride, and, in order to establish that succinic acid is metabolized in 
the normal and expected manner (14) by this lot of leaves, in 0.2 m sodium 
succinate at pH 5. The four experimental samples were cultured in 0.2 
M sodium (+)-tartrate at pH 5.0 and at pH 6.0 for 24 and for 48 hours 
respectively. The technique has been described in earlier papers (1, 15). 
The analytical methods employed have been given in detail in a recent 
bulletin (16), but malic, tartaric, and succinic acids were determined by a 
minor modification of the chromatographic method of Busch, Hurlbert, and 
Potter (17), citric acid as described by Hargreaves, Abrahams, and Vickery 
(18), and oxalic acid as described by Pucher, Vickery, and Wakeman (19). 

The analytical data are collected in Table I. The magnitude of the up- 
take of the salts is evident from the increase in the ash shown in Line 2. 
Chloride was determined in the ash of the leaves cultured in potassium and 
magnesium chlorides, sodium carbonate being added before ignition. The 
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results obtained are shown in Line 5 computed respectively as potassium 
chloride and magnesium chloride. The agreement with the increase in ash 
(Line 2) in the case of the sample cultured in potassium chloride is satis- 
factory: however, when the routine technique was used, there was obviously 
a loss of chlorine during the ashing of the material cultured in magnesium 
chloride as is also shown by the increase in the alkalinity of the ash (Line 4). 

The uptake of tartaric acid (Line 7) was computed by dividing the in- 
crease in the alkalinity of the ash by 0.93 at pH 5.0 and 0.99 at pH 6.0, 
the uptake of succinic acid at pH 5.0 by dividing by 0.54. These quanti- 
ties represent the fraction of the acid neutralized at the indicated pH and 
were obtained from plots of the dissociation curves of the respective acids. 

The amounts of the acquired organic acids that were metabolized (Line 
8) were calculated as the difference between the uptake of the acid com- 
puted from the alkalinity of the ash and the increase found by direct anal- 
ysis of the sample. For the four samples cultured in tartaric acid, these 
differences were negligibly small (from 2 to 12 m.eq.) and indicate that 
none of the acquired acid was metabolized. On the other hand, more than 
93 per cent of the succinic acid taken up disappeared as such. The chro- 
matographic method used for the determination was sufficiently sensitive 
to detect succinic acid in all of the samples, but the quantity found could 
be reported only as a trace estimated to represent 1 m.eq. per kilo of initial 
fresh weight in all save in the leaves cultured in succinic acid. In these, 
the increase in succinic acid was only 27 m.eq., although 406 m.eq. had 
been taken up. The present set of samples of tobacco leaves therefore 
behaved normally (14) with respect to the capacity to metabolize this 
substance. 

The increase in citric acid and the decrease in malic acid (Lines 10 and 
11) in the leaves cultured in water were unusually small in the present case, 
but the corresponding changes in the leaves cultured in inorganic salts were 
of sufficient magnitude to show that the metabolism of these organic acids 
was also normal. The similarity of the behavior of these two acids in the 
leaves cultured in tartrate indicates that the introduction of a quantity of 
tartaric acid even greater® than the amount of malic acid already present 
had no significant effect upon the quantity of malic acid which was con- 
verted into citric acid. The only notable difference to be seen in the data 
for the organic acids is the somewhat larger decrease in undetermined or- 
ganic acids (Line 15) in the leaves cultured in tartrate as compared with 
those cultured in inorganic salts. A similar decrease occurred in the leaves 


* The leaves cultured at pH 5 for 48 hours contained 17 gm. of tartaric acid and 14 
gm. of malic acid per kilo of initial fresh weight or, respectively, 15 and 13 per cent 
of the organic solids, and those cultured at pH 6 contained 17 gm. of tartaric acid 
and 13.5 gm. of malic acid. 
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cultured in succinate so that, even if analytically significant, this phenome. 
non is not a specific effect of tartaric acid. 

The leaves used in the present experiment were unusually high in starch 
(Line 16). As a result, a large share of the metabolic load was borne by 
the starch, most of which disappeared from the leaves cultured in organic 
acids for 48 hours. Glucose, instead of diminishing as is usually observed, 
increased slightly (Line 17). Under these circumstances, the effect of cul- 
ture upon the organic acid composition and in particular upon the amount 
of malic acid that is transformed into citric acid was notably smaller than 
is seen in leaves from normal plants of this strain which as a rule contain 
only about 1 gm. per kilo of starch (16, 20). 

The data for protein nitrogen (Line 20) indicate that the amount of de- 
composition of the protein during the 48 hour period was roughly propor. 
tional to the time. A control sample cultured in water for 24 hours, the 
detailed data for which are not included in Table I, lost 0.24 gm. of protein 
nitrogen; culture for 48 hours in water brought about a loss of 0.48 gm. 
The samples cultured for 24 and for 48 hours in tartrate show a similar 
relationship. More significant, however, is the evidence that culture in 
salts, whether organic or inorganic, increases the amount of protein nitro- 
gen that is digested. The average loss in 48 hours in the five cases in Table 
I is 17 per cent of the protein nitrogen initially present as compared with 
13 per cent in the absence of salt. Protein metabolism is thus appreciably 
stimulated by culture in salts compared with the behavior on culture in 
water. Nevertheless, the relative stimulation in the present case was less 
extensive than has been observed with other sets of samples of tobacco 
leaves. In leaves that had been cultured in citrate (15), the hydrolysis of 
the protein was stimulated nearly 3-fold and an even larger relative effect 

_was observed in leaves from another crop cultured in succinate or malate 
(14). Such differences in behavior as these are probably to be attributed 
to variation of the plants from year to year. 

Loss of Organic Solids—Data that bear upon the loss of organic solids 
are collected in Table Il. Inasmuch as tobacco leaves contain consider- 
able organic acid initially, and, during treatment, there was a substantial 
uptake of sodium tartrate or succinate, the difference between the weight 
of the dry solids and the ash of an individual sample is not an accurate 
measure of the organic solids. The ash as weighed contains carbonate 
equivalent to the alkalinity of the ash as determined by titration, this 
carbonate being derived from the combustion of the organic acid. Accord- 
ingly, the organic solids as usually calculated are underestimated. A closer 
approximation to the truth can be obtained if the weights of the ash of the 
several samples are corrected by deducting the weight of a quantity of 

carbon dioxide equivalent to the alkalinity, this corrected weight being in 
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turn subtracted from the weight of the dry solids to obtain the corrected 
organic solids. Line 1 in Table II shows the changes in organic solids that 
occurred when the data are computed in this way. The data for the leaves 
cultured in water and in inorganic salts furnish estimates of the respiratory 
loss during the culture period and, in comparison with data from other ey. 
periments, suggest that the respiration of this particular lot of leaves was 
especially vigorous; losses of the order of from 4 to 6 gm. per kilo during 
culture in water for 48 hours in darkness are more usual. Stimulation of 
the respiration by inorganic salt, i.e. “salt respiration,” is apparent only 
with potassium chloride and was relatively small. 


TABLE II 


Estimations of Respiratory Loss from Tobacco Leaves Cultured in Darkness for 
48 Hours in 0.2 m Salt Solutions 
4 























| | | Na 
| } attrs Na 
io Water | KCI | MgCl Pie: p. 
| | pHs | pHo | PHS 
gm. per | gm. per | gm. per | om, per | gm. per | gm. yer 
| kg. ke. | kg. | kg. kg. ke. 
1 Change of organic solids corrected —8.8)— 10.8; —8.8} +0.5) +1.1] +04 
for CO, | 
2 | Uptake of acid ion 0 0 | QO |+17.2 +17.3/+28.4 
3 Net loss organic solids | —8.8|—10.8} —8.8)/—16.7|/—16.2/—28.0 
4 Possible loss organic acids (as | —1.2) —0.1) +0.5|/'—5.8) —4.3/-15.1 
malic acid) | 
5 | 4 starch | —8.9|-10.6| —11.8|-13.1 -12.6|-126 
6 | A glucose | +0.1) +0.3) +0.9) +1.2 +0.3) +11 
7 | Astarch corrected for A glucose | —§.8}—10.3} —10.9/—-11.9 —12.3)-11.5 


8 Sum of losses of acids and starch | —10.0/—10.4) —10.4/— 17.7 — 16 .6|—26.6 
9 


Calculated loss as % of observed | 114 | 96 | 118 | 106 102 | 9% 


The three lots of leaves cultured in tartrate or succinate for 48 hours 
took up substantial quantities of the organic acid but the content of organic 
solids changed scarcely at all. The net losses of organic solids from the 
individual systems are shown in Line 3. These figures reveal a remark- 
ably stimulated respiratory process, the figure for the loss during culture 
in succinate being astonishingly high. It amounted to more than 18 per 
cent of the sum of the organic solids initially present and the succinic 
acid taken up: The data were accordingly examined for evidence of the 
nature of the substances which contributed to this loss. Table I, Line 9, 
shows the changes in the total organic acids. These were small for the 
leaves cultured in water or inorganic salts but were substantial in the 
leaves cultured in organic acids. The difference between the uptake of 





organic 
furnish 
tory pr 
malic 2 
signific 

In a 
small 1 
arose f 
was CC 
these, 
are cal 
(Line | 
satisfa 


An 
sons. 
exceet 
which 
The 2 
under 
conve 
notak 
mal 2 
woul 
from 
cone 
othe 
acid. 

TI 
all w 
kno 


3] 
ate ( 
of re 
in tk 
gm. 
disa) 
from 
93 p 
It n 
for 


The 


"ected 
S that 
CAVES 
atory 
oT ex- 
3 Was 
uring 
on of 

only 


for 


Na 
suc- 
“inate, 


pHs 

'm. per 
he. 

+0.4 


28.4 
15.1 


-12.6 
+1.1 


ours 
anic 
the 
ark- 
ture 
per 
inie 
the 
e 9, 
the 
the 
» of 





H. B. VICKERY AND J. K. PALMER 281 


organic acid and the increase in total organic acidity may be assumed to 
furnish a measure of the organic acids that were consumed by the respira- 
tory process, and these differences, calculated arbitrarily in terms of gm. of 
malic acid, are shown in Line 4 of Table Il. They obviously account for a 
significant part of the total loss from the leaves cultured in organic acids. 
In addition, there was a considerable loss of starch accompanied by a 
small increase in glucose. If it is assumed that the increase in glucose 
arose from the hydrolysis of starch and that the starch which disappeared 
was consumed in respiration, the quantities in Line 7 are obtained. To 
these, the assumed losses of organic acids are added in Line 8 and the sums 
are calculated as percentages of the respective changes in the organic solids 
(Line 3) in Line 9 of Table II. The accounting of the loss is moderately 
satisfactory, the mean of the six observations being 105 + 9 per cent.’ 


DISCUSSION 


An organic acid may accumulate in a plant tissue for either of two rea- 
sons. Its rate of production in the course of the general metabolism may 
exceed the rate of utilization or there may be no enzyme system present 
which is capable of transforming it further once it has been synthesized. 
The accumulation of considerable amounts of malic acid in tobacco leaves 
under normal conditions is clearly an example of the first possibility, the 
converse case being provided by the failure of succinic acid to increase 
notably even when supplied artificially in culture experiments. The nor- 
mal accumulation of a moderate proportion of oxalic acid in tobacco leaves 
would appear to be an example of the second possibility, for, when supplied 
from without, it undergoes no detectable change nor does the increased 
concentration exert any apparent influence upon the metabolism of the 
other organic acid components. The same appears to be true for p-malic 
acid. 

The position of tartaric acid in the metabolic scheme in plants is not at 
all well understood. Although this acid in the form of its salts has been 
known from antiquity, its occurrence in nature appears to be narrowly 


* In a recent paper on the effect of culture of tobacco leaves in succinate and mal- 
ate (14), it was pointed out that a satisfactory account of the nature of the substrate 
of respiration could not be given. Determinations of starch have since been made 
in these samples inasmuch as the leaves were taken from ‘‘topped”’ plants, and 4.5 
gm. per kilo were found to be present in the fresh leaf control sample. Most of this 
disappeared during the culture experiments. A recalculation of the respiration loss 
from the sum of the losses of starch, glucose, and organic acids gave a mean value of 
93 per cent for the experiments with succinate and 64 per cent for those with malate. 
It must be emphasized, however, that such calculations are only rough estimates, 
for they depend upon assumptions which are far from being securely established. 
The accounting in the case of the leaves cultured in L-malate is still unsatisfactory. 
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restricted. Aside from its well known presence in grapes and in a fey 
tropical fruits, there is little in the literature to suggest that it is a com. 
monly occurring substance. Claims for its presence in leaves, even in 
those of the grape-vine (21), have rarely been supported by adequate chem. 
ical evidence,‘ for most of the early workers were content to identify ag 
tartrate a preparation obtained as a potassium salt insoluble in dilute al. 
cohol at an acid reaction. Additional physical properties and chemical 
analyses were seldom recorded. 

It seems clear that tartaric acid is a product of a somewhat unusual 
metabolic reaction although, where present at all, the substance may be 
found in rather large proportions. The chemical indifference of tartaric 
acid introduced into tobacco leaves suggests that it may be regarded, in 
those tissues in which it naturally occurs, as the end-product of an oxida- 
tive process which has analogies to that by which oxalic acid is formed, 
Both substances would appear to accumulate because enzymes capable of 
transforming them further are not present or, if present, are for some rea- 
son inactive. 

In considering the significance of this, it may be helpful to point out the 
relationship of (+)-tartaric acid to certain sugars. Fischer in 1896 (22) 
showed that carbon atoms 2 and 3 in (+ )-tartarie acid have the same con- 
figuration as carbon atoms 3 and 4 of what is known today as L-rhamnose. 
Furthermore, he found that, when (+)-tartaric acid is reduced with hy- 
driodic acid, the malic acid produced is the enantiomorph of the malic acid 
found in mountain ash berries, which is known today to be t-malic acid. 
He therefore wrote the structural formula of (+-)-tartaric acid as indi- 


COOH COOH 
H—C—OH H—C—OH 
HOCH dae, 
COOH COOH 
(+)-Tartaric acid p-Malic acid 


cated and it is clear that the configuration of carbon atom 2 is that of the 
D family, for it has the same configuration as the asymmetric center of p- 
malic acid. Rotation through 180° in the plane of the paper of the for 


‘ A sample of grape-vine leaves recently examined in this laboratory by the chro- 
matographic method contained 246 m.eq. of tartaric acid, 55 m.eq. of malic acid, 
and 12 m.eq. of unknown organic acid per kilo of fresh weight. No citric acid was 
detected. The tartaric acid was identified by its chromatographic behavior on 
Dowex 1 and on paper and by its oxidation to glyoxylic acid with periodic acid. 
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mula as written gives an identical formula and, accordingly, both asym- 
metric centers have the same configuration.® 

The relationship of (+)-tartaric acid to p-glucose is indicated by such 
observations as those of Isbell and Holt (25), who have shown that 5- 
ketogluconic acid, when oxidized in alkaline solution with oxygen under 
pressure, gives a moderate yield of (+-)-tartrate together with oxalate and 
zylo-trihydroxyglutarate. Accordingly, the two asymmetric centers of 
(+)-tartaric acid are identical in configuration with carbon atoms 2 and 
3 of p-glucose. 

The failure of the enzyme systems of the tobacco leaf to affect (+)- 
tartaric acid® may perhaps be better understood in the light of these rela- 
tionships. What is known of these systems suggests that they are adapted 
to the metabolism of substances that have the configuration of the L fam- 
ily, in particular L-malic acid. It has been demonstrated that p-malic 
acid is unaffected by them (11) and, since the configuration of (+)-tar- 
taric acid is identical with that of this substance, it should behave in the 
same way. Furthermore, the presence of (+)-tartrate should have no 
influence upon the reactions in which L-malate is concerned. Experiment 
shows that this is the case. 

Although other mechanisms for the synthesis of tartaric acid are doubt- 
less equally likely, there is a possibility that the accumulation of this sub- 
stance in certain plants is the result of a metabolic conversion of p-glucose 
whereby carbon atoms 5 and 6 are removed, leaving a 4-carbon unit which 
is oxidized to the dicarboxylic acid. Being of a configuration that cannot 
be further attacked by the enzyme systems present, (+-)-tartaric acid ac- 
cordingly accumulates. Inasmuch as the system which oxidizes glucose 
in this way is uncommon, tartaric acid is found in only a few species. 


5 The nomenclature of tartaric acid is anomalous and extremely confusing. Na- 
turally occurring dextrorotatory tartaric acid, which is formulated according to the 
Fischer conventions as shown above, would be designated L(+)-tartaric acid under 
the most recent rules for carbohydrate nomenclature (23). The use of this name 
enables one to write the structural formula correctly inasmuch as the hydroxyl group 
attached to the highest numbered asymmetric carbon atom projects to the left. 
Nevertheless, both asymmetric carbon atoms in (+)-tartaric acid have been corre- 
lated with respect to configuration with the standard substance p-glyceraldehyde, 
and the absolute configuration has been established (24). Accordingly the name p- 
(+)-tartaric acid would seem more appropriate and this name is, in fact, used by 
many writers. However, chemists have not yet reached agreement upon how the 
capital letter prefix nomenclature should be used with tartaric acid and analogous 
symmetrical substances. For the present, therefore, it would seem more conserva- 
tive to employ the unambiguous plus and minus sign nomenclature which refers 
merely to the direction of rotation of a solution of the substance. 

*In this connection, it is of importance to recall that (+-)-tartrate administered 
parenterally to the dog, rabbit, and guinea pig (26) or to man (27) is excreted quanti- 
tatively in the urine. 
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SUMMARY 


Leaves of tobacco (Nicotiana tabacum var. Connecticut shade-grown 
were cultured in darkness for 48 hours in 0.2 m solutions of sodium (+). 
tartrate at pH 5and pH 6. Tartaric acid was found to have accumulate 
in an amount commensurate with the increase in the alkalinity of the ash 
and it would therefore appear that the tobacco leaf possesses no enzyme 
system capable of metabolizing this substance. Furthermore, although 
the quantity of tartaric acid introduced ultimately exceeded the quantity 
of malic acid present in the leaves, there was no significant effect upon the 
rate or the extent of the transformation of malic acid into citric acid which 
normally occurs under the experimental conditions. (+)-Tartaric acid ae. 
cordingly plays no part in the enzymatic reactions in which L-malic acid 
is concerned. 

The respiratory loss from the tissues was greatly stimulated, as has been 
found to be generally true regardless of the nature of the organic acid fur. 
nished to the leaves, and the substrates of the respiration appear to have 
been mainly starch and organic acids other than tartaric acid. 

It is pointed out that tartaric acid is an uncommon plant acid, and the 
suggestion is advanced that it accumulates in those few species in which it 
occurs because of the absence of enzyme systems capable of metabolizing 
it further once it has been formed. The stereochemical relationships are 
such as to suggest that (+)-tartaric acid may arise from D-glucose by a re- 
action in which carbon atoms 5 and 6 are removed, the remaining 4-carbon 
unit being oxidized to the dicarboxylic acid. This oxidative mechanism is 
. apparently uncommon. 


BIBLIOGRAPHY 


_ 


. Pucher, G. W., and Vickery, H. B., J. Biol. Chem., 178, 557 (1949). 

. Franzen, H., and Helwert, F., Biochem. Z., 136, 291 (1923). 

. Franzen, H., and Ostertag, R., Z. physiol. Chem., 119, 150 (1922). 

. Verhaar, G., Chronica Naturae, 104, 71 (1948). 

. Rabaté, J., and Gourévitch, A., Rev. botan. appl. et agr. trop., 18, 604 (1938). 

. Villegas, T. S., Univ. Philippines Nat. and Appl. Sc. Bull., 5, 449 (1936). 

. Taira, T., and Taiwan Hatsumei Kyétkwai, (Japan) patent 41,649 (1922). 

. Hessler, L. E., and Gortner, R. A., J. Biol. Chem., 119, 193 (1937). 

. Foster, J. W., Chemical activities of fungi, New York, 375 (1949). 

. Pasteur, L., Compt. rend. Acad., 46, 615 (1858) ; 51, 298 (1860) ; 56, 416 (1863). 

. Vickery, H. B., Hargreaves, C. A., II, and Nolan, L. S., J. Biol. Chem., 197, 133 
(1952). 

. Vickery, H. B., and Abrahams, M. D., J. Biol. Chem., 186, 411 (1950). 

13. Vickery, H. B., Leavenworth, C.S., and Bliss, C. I., Plant Physiol., 24, 335 (1949). 


“Im Ore W bo 


— 
-—- OO 


— 
w vo 





21. 
. Fis 
. Cr 
24. 
25. 
26. 


9” 


. Viel 
. Vie 
. Vie 
. Bus 
. Hal 


. Puc 


Vic 
Hil 


Bij 
Ist 
Un 


7. Fi 


Lerine 
acker 
rant 


‘OWn 
(+). 
lated 
€ ash 
zyme 
ough 
ntity 
n the 
vhich 
d ac. 


acid 


been 
| fur- 
have 


1 the 
chit 
izing 
S are 
a Te- 
rbon 
mM is 


', 138 


949). 





XUM 


Be RN ES ES PSB 


8 


H. B. VICKERY AND J. K. PALMER 285 


_ Vickery, H. B., and Hargreaves, C. A., II, J. Biol. Chem., 197, 121 (1952). 
Vickery, H. B., and Hargreaves, C. A., II, J. Biol. Chem., 196, 409 (1952). 

_ Vickery, H. B., and Meiss, A. N., Connecticut Agr. Exp. Sta., Bull. 669 (1953). 

_ Busch, H., Hurlbert, R. B., and Potter, V. R., J. Biol. Chem., 196, 717 (1952). 

; Hargreaves, C. A., II, Abrahams, M. D., and Vickery, H. B., Anal. Chem., 28, 


467 (1951). 


_ Pucher, G. W., Vickery, H. B., and Wakeman, A. J., Ind. and Eng. Chem., Anal. 


Ed., 6, 140 (1934). 


_ Vickery, H. B., and Abrahams, M. D., J. Biol. Chem., 180, 37 (1949). 


Hilger, A., and Gross, L., Landw. Versuch-Sta., 33, 170 (1887). 

Fischer, E., Ber. chem. Ges., 29, 1377 (1896). 

Crane, E. J., Chem. and Eng. News, 31, 1776 (1953). 

Bijvoet, J. M., Peerdeman, A. F., and van Bommel, A. J., Nature, 168, 271 (1951). 


_ Isbell, H. S., and Holt, N. B., J. Res. Nat. Bur. Standards, 36, 433 (1945). 


Underhill, F. P., Leonard, C. 8., Gross, E. G., and Jaleski, T. C., J. Pharmacol. 
and Exp. Therap., 48, 359 (1931). 


7. Finkle, P., J. Biol. Chem., 100, 349 (1933). 














(Fr 


Th 
(1) in 
tivel; 
have 
whicl 
to be 
Henc 
deriv 
most 


actio 
in ex 
(17), 
hum: 
the r 
path 
scribi 
mit : 
excre 
certa 
oid n 

Th 
ficati 

“7 
the A 
from 


Grad 
requi 


meeti 
New 


Medi 








SYNTHESIS AND METABOLIC STUDIES OF 17a- 
METHYL-C"-A*-AN DROSTENE-38 , 178-DIOL* 
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EDWARD A. DOISY 


(From the Departments of Biological Chemistry and Internal Medicine, St. Louis 
University School of Medicine, St. Louis, Missouri) 


(Received for publication, October 19, 1953) 


The 17-methyl androgens, which were first prepared by Ruzicka et al. 
(1) in 1935, have been of considerable interest because of their compara- 
tively high potency by oral administration. Most of the biological studies 
have been devoted to the 17-methyl homologue of testosterone, a compound 
which has been reported by Miescher and Tschopp (2) and others (3-5) 
to be more potent by oral administration than testosterone. Recently, 
Henderson and Weinberg (6) have drawn attention to another methyl 
derivative, 17-methylandrostenediol, which by enteral administration is al- 
most as active as methyltestosterone in the rat seminal vesicle test. 

In addition, the protein anabolic effect and the reported antineoplastic 
action (7) of methylandrostenediol have been studied clinically (8-13) and 
in experimental animals (14-16). According to Wilkins and Fleischmann 
(17), creatinuria resulted after oral administration of this compound to 
human subjects, a result not obtained with the natural androgens. Thus, 
the metabolism of this compound is of unusual interest; yet the excretory 
pathways of methylandrostenediol or its metabolites have not been de- 
scribed. The availability of radioactive methylandrostenediol would per- 
mit a study of the catabolism of this compound and a comparison of its 
excretory pattern with that of testosterone-4-C™ (18-20), In order to as- 
certain whether the 17-methyl group is oxidatively removed from the ster- 
oid molecule, isotopic carbon was incorporated into this position. 

The synthesis of 17-methyl-C*-androstenediol reported here is a modi- 
fication of the procedure of Ruzicka et al. (1). The biological experiments 


* This paper is based on work performed under contract No. AT(11-1)-201 between 
the Atomic Energy Commission and St. Louis University, and was aided by a grant 
from the Damon Runyon Memorial Fund for Cancer Research, New York. 

The material presented herein was taken from a dissertation submitted to the 
Graduate School of St. Louis University by Paul M. Hyde in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy in Biochemistry. 

A preliminary report containing a portion of these data was presented before a 
meeting of the Thirteenth International Congress of Pure and Applied Chemistry, 
New York, September, 1951. 

t Present address, Department of Medicine, University of Washington School of 
Medicine, Seattle, Washington. 
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described in this paper show the pathways of excretion of radioactivity in 
normal and in three types of surgically treated male rats after intragastric 
administration of physiological quantities of this compound. 


EXPERIMENTAL! 


Preparation of 17a-Methyl-C'-A*-androstene-38 , 178-diol—The procedure 
of Ruzicka et al. (1) for the preparation of 17-methyl-A5-androstene-38 , 17. 
diol was adapted to millimole quantities. The Grignard reagent was pre. 
pared in a vacuum manifold under anhydrous conditions from 4.55 my 
of magnesium and 3.0 mM of methyl! iodide? containing 3 me. of C™. 1,05 
mo of dehydroepiandrosterone were added to the reagent, and the mixture 
was refluxed overnight. The resulting solution was treated with ammo- 
nium chloride and ice, washed thoroughly with 5 per cent sodium bicarbo- 
nate and water, and the solvent removed in vacuo. The material was 
purified by chromatography on a mixture of magnesium silicate and Celite 
535 (1:2) and then on neutral alumina (21); recrystallization from 90 per 
cent methanol gave 0.36 mm of 17-methyl-C™-A*-androstene-38 , 178-didl, 
This radioactive product was identified by its melting point, 202-204° 
which was not depressed upon admixture with an authentic sample of 17o- 
methyl-A*-androstene-38 ,178-diol.2 Although the melting points of the 
diols isomeric at position 17 are remarkably close, Miescher and Klarer 
(22) reported the mixed melting points of these isomers to be 175-190°. 

In order to establish the configuration of the substituents at position 17, 
an acetate of our diol was prepared in the usual manner, m.p. 175-176". 
The corrected melting points of the 3-acetates of 17a-methyl-A*-androstene- 
38 ,176-diol and of 178-methyl-A*-androstene-38 , 17a-diol were reported to 
be 179-180° and 160-161°, respectively, and a mixture of the two acetates 
melted at 130-140° (22). Saponification of our radioactive acetate gave 
‘a product, m.p. 202-204°, which did not depress the melting point of the 
authentic 17a-methyl-A*-androstene-38 , 178-diol. 

For radioassay, methyl-C'-androstenediol was oxidized by the Van 
Slyke-Folch procedure (23), the carbon dioxide precipitated as barium car- 
bonate, and the radioactivity determined with a thin window Geiger tube 
(1.8 mg. per sq. cm.). The specific activity of the steroid was found to be 
2.3 uc. per mg. by comparison with a sample of BaC™QO;, prepared from 
standard Na,C™O; obtained from the National Bureau of Standards. 

1 All melting points were taken on a Fisher-Johns apparatus and were recorded as 
read. 

* The C™ was obtained on allocation from the Atomic Energy Commission and 
was purchased as radiomethy] iodide from Tracerlab, Inc., Boston, Massachusetts. 

3 We wish to acknowledge the kindness of Parke, Davis and Company for supply- 
ing a sample of 17a-methyl-A‘-androstene-38 , 178-diol, m.p. 202-204°. Miescher and 
Klarer (22) found the melting point of this material to be 205.5-206.5° (corrected). 
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Preparation of Animals—lIn all these experiments, male rats from 5 to 
§ months old, weighing in excess of 280 gm., were utilized. Four types of 
experimental animals were used: normal controls (NC), controls having 
intraabdominal glass bulbs (OC), rats having their bile ducts doubly ligated 
and severed (DL), and those with cannulated bile ducts in which glass 
bulbs (BFb) or plastic tubing (BFt) were employed for collection of bile. 
All operations were performed under ether anesthesia without rigid ad- 
herence to sterile technique. 

Glass bulbs were inserted into the peritoneal cavity of the OC animals 
in the same manner as for BFb rats, but the bile ducts of the former were 
left intact. Bile fistulas were produced by a modification of the procedure 
described by Sawyer and Lepkovsky (24), in which an intraabdominal 
glass bulb collected the bile. Since the relatively large volume of the bulb 
introduced trauma to the abdominal contents and the bile thus collected 
was incubated at body temperature, a second type of fistula was prepared 
by the introduction of a metal-tipped polythene cannula into the bile duct 
(Ashmore et al. (20)). Only those animals in which the plastic tubing was 
used for cannulation were placed in restraining cages (25), whereas others 
were allowed freedom of movement in their cages. All animals were given 
nourishment and electrolytes as described previously (26). 

Administration of Methyl-C'-androstenediol and Collection of Excreta 
Immediately after the surgical procedures or after light ether anesthesia, 
the rats received 0.2 mg. (82,000 c.p.m.) of radiomethylandrostenediol in 
1 ml. of 50 per cent ethanol by gavage. This amount was chosen because 
Moore and Price (27) have shown that 0.2 mg. of testosterone is within the 
physiological range for rats. Furthermore, this amount would facilitate 
comparison of our data with those reported for testosterone-4-C™ by Ash- 
more et al. (20). 

After administration of the steroid, the excreta were collected for 96 
hours and the C™ content was determined as reported by Bocklage et al. 
(26). The expired air of the normal controls and of one rat with ligation 
of the bile duct (Rat DL-3) was collected and analyzed for radioactivity 
according to the procedure of Grady et al. (28). 


Results 


After the intragastric administration of 0.2 mg. of 17-methyl-C'-an- 
drostenediol, no radioactivity was detected in the expired air. Within the 
limits of the procedure, the maximal amount of C' present must have been 
less than 1 per cent. 

The percentages of the radioactivity excreted in the bile, urine, and feces 
during the 96 hour period are given in Table I. Normal animals excreted 
from 50 to 63 per cent of the radiocarbon in the feces and from 32 to 43 
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per cent in the urine. The controls (OC) excreted more C" via the fee) 
route, from 60 to 80 per cent, and correspondingly smaller amounts in the 


TABLE | 


Distribution of Radioactivity in Excreta after Intragastric Administration of 0.2 Mg. 
of Methyl-C4-androstenediol* 








Per cent of administered C™ 
Type of rat . 















































Urine Feces Bile Total 
Normal | NC-1 | 32 55 87 
| NC-2 43 50 93 
| NC-6 40 51 91 
NC-7 | 33 63 | 96 

= a - - 
ePID. i. oh cdo detebaee 37 55 | 92 
Intraperitoneal bulb, con- OC-1 | 21 80 101 
trol | OC-2 | 2 | = 60 | 88 
oc-3 | 22 | 64 | 86 
— —-——- |] 
INNIS? 50 ot t ian oldies tear Be 24 | 68 | 92 
seid ilies | | 

Ligated bile duct | DL-1 | 87 Ray 90 
| DL-2 | 91 0 91 
| DL-3 92 1 93 
EES SRS Cen arte en ee Oe | 90 1 91 
Bile fistula | Brba | 13 C1 = 100 
| BFb-2 8 0 93 101 
| BFb-5 | 17 3 7 94 
PINS s Sie Was Seeds s bok dena 13 1 84 98 

4 predean TS Eh CI 
Bile fistula BFt-10 | 17 15 62 94 
BFt-11 14 15 67 96 
BFt-12 12 5 66 83 
BFt-14 24 15 46 85 
Average....... ne Sho a tara do 17 12 60 89 


* Dissolved in 1.0 ml. of 50 per cent ethanol. 


urine, from 21 to 28 per cent. From 87 to 92 per cent was found in the 
urine after ligation of the bile ducts (DL). 

The animals having bile fistulas eliminated the major fraction of the C“ 
in the bile. From 74 to 93 per cent was recovered in the bile of those with 
bulbs (BFb), while those with tubing (BFt) excreted from 46 to 67 per 
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cent via this route. The volume of bile excreted by the rats of the latter 
group was from 5 to 10 ml. greater during the first 48 hours than that from 
the former group. 

The daily patterns of excretion of all four types of animals are presented 
in Fig. 1. Almost all of the administered isotopic carbon was eliminated 
during the first 48 hours by the normal animals (NC), while the controls 
(OC) required the entire period for this process. Only small amounts were 
eliminated after 48 hours by animals having ligation or cannulation of the 
bile duct. 
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Fig. 1. Average daily excretion of C™%. All the rats were given 0.2 mg. of 17- 
methyl-C-androstenediol in 1 ml. of 50 per cent ethanol by gavage. NC, normal 
rats; OC, rats with intraperitoneal glass bulbs; DL, rats with ligated bile ducts; 
BFb and BFt, rats with bile ducts cannulated with glass bulbs and tubing, respec- 
tively. The height of the bar indicates total daily excretion expressed as percentage 
of administered radioactivity. The excretion in the feces is depicted by a solid bar, 
in bile by a diagonally lined bar, and in urine by aclear bar. The number of animals 
is given in parentheses. 


DISCUSSION 


Since oxidative scission of the labeled methyl group attached to carbon 
17 might lead to pulmonary excretion of radioactivity, the absence of sig- 
nificant amounts of isotopic carbon in the expired air indicates that the 
17-methyl group was not removed from the D ring and expired as C™Os. 
The absence of C™ in the expired air has also been reported in comparable 
experiments with 17-methyl-C™-estradiol (26). Other avenues of excre- 
tion, the biliary, fecal, and urinary routes, as shown in Fig. 1 and Table I, 
were the major pathways of elimination of the radiometabolites of methyl- 
C-androstenediol administered intragastrically. 

Since the possibilities of bacterial contamination and additional trauma 
to the abdominal organs exist with the bulb fistula, the excretion of C™ 
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was studied by two techniques of bile collection. Those animals with 
fistulas of glass bulbs excreted less bile and about 24 per cent more of the 
administered radioactivity in the bile than those having fistulas of plastic 
tubing. The differences in radiocarbon content and in the volume of bile 
secreted suggest that the glass bulbs may have altered the physiology of 
the gastrointestinal tract. This view is supported by the observation that 
38 per cent (from 33 to 41 per cent) of the C™ was excreted in the bile on 
the 2nd day by the BFb animals, in contrast with the excretion of only 10 
per cent (from 2 to 20 per cent) by those (BFt) cannulated with plastic 
tubing. 

Barry et al. (19) and Ashmore et al. (20) have published data which sup- 
port the concept of enterohepatic circulation in the metabolism of testoster- 
one in the rat. That methyl-C'-androstenediol may undergo a similar 
cycle in the rat may be inferred from these experiments. Table I shows 
that the radioactivity of the urine of NC animals (37 per cent) is much 
higher than that of the BFt rats (17 per cent); this decrease in urinary C¥ 
of the latter animals may be related to the absence from the intestinal 
tract of radiometabolites available for reabsorption. 

In view of the interesting results obtained with the intraabdominal glass 
bulb, this technique was extended to the control rats (OC). The greater 
percentage of C™ found in the feces of these animals (from 60 to 80 per 
cent), compared with those of the normal (NC) (from 50 to 63 per cent), 
seems to be consonant with the larger amount of radioactivity found in the 
bile of the animals with bulb fistulas compared with those having fistulas 
of tubing. The prolonged excretion of isotopic carbon in the urine of these 
animals (OC) is compatible with the concept of slowed absorption due to 
the presence of the glass bulbs. 

The low fecal excretion of C by the BFb rats (from 0 to 3 per cent) 
compares favorably with that of the DL animals (from 0 to 3 per cent), 
and is in contrast with that of the BFt animals (from 5 to 15 per cent). 
The high values for this group may be indicative of incomplete absorption, 
auxiliary bile ducts, transintestinal secretion, or contamination of the feces 
by the urine, although it does not seem likely that any one of these possi- 
bilities could account for these large amounts. 

The data presented show that ligation of the biliary passage in the rat 
shifts the major route of excretion from the intestinal tract to the kidney. 
The much greater excretion during the 2nd day is a point of interest. 

In general, the data reported in this paper are in agreement with those 
for testosterone-4-C" (18-20, 29). Comparison of the data from control 
animals reported by Ashmore et al. (20) and from these control animals 
does not reveal any appreciable difference in the excretion of radiocarbon 
of these two compounds. While the total radioactivity found in the urine 
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of rats with ligated bile ducts in both studies was the same (90 per cent), 
the peak of excretion after radiotestosterone administration was on the 
ist day, whereas in these experiments it occurred on the 2nd day. Further- 
more, the average amount of radioactivity found in the bile of the BFt 
animals was 19 per cent less than that for testosterone-4-C™ under com- 
parable conditions (20). 


SUMMARY 


17a-Methyl-C'*-A°-androstene-38 , 178-diol has been prepared from radio- 
methyl iodide and dehydroepiandrosterone. After 0.2 mg. of this compound 
was administered to rats by gavage, more than half of the radioactivity 
was eliminated in the feces, the remainder in the urine. No radiocar- 
bon was found in expired air. Animals with intraabdominal glass bulbs 
had a greater and a more prolonged fecal excretion of radiocarbon than the 
normals. Rats with two types of bile fistula excreted the major fraction 
of administered isotopic carbon in the bile. Almost quantitative recovery 
of the administered C was obtained in the urine of rats after ligation of 
the bile ducts. 


The authors wish to thank Dr. B. C. Bocklage for assistance in some of 
the surgical procedures. 
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STUDIES ON THIAMINE ANALOGUES 
Ill. EFFECTS ON ENZYME SYSTEMS* 


By STEPHEN EICH ann LEOPOLD R. CERECEDO 
(From the Department of Biochemistry, Fordham University, New York, New York) 


(Received for publication, August 27, 1953) 


Several analogues of thiamine’ are known to compete with the vitamin 
when administered to animals. Thus, Woolley and White (1) have ob- 
served that pyrithiamine caused the manifestation of typical thiamine 
deficiency symptoms, which could be competitively overcome by the 
vitamin. The antivitamin effect of oxythiamine in mice has been re- 
ported by Soodak and Cerecedo (2). Cerecedo et al. (3, 4), comparing 
the effects of oxythiamine with those of neopyrithiamine in mice, have 
found the latter to be far more toxic. 

The observation of Buchman et al. (5) that the enzymatic decarboxy- 
lation of pyruvate by dried brewers’ yeast could be inhibited by thiazole 
pyrophosphate, and not by thiazole, suggested the possibility of a com- 
petition between cocarboxylase and thiazole pyrophosphate for the apo- 
enzyme. This view has been further borne out by the results of Eusebi 
and Cerecedo (6, 7), demonstrating the inhibition of yeast carboxylase by 
oxythiamine diphosphate. A confirmation of this work has been reported 
by Velluz and Herbain (8), who have brought about inhibition of dried 
yeast carboxylase with oxythiamine triphosphate. 

Woolley (9) has reported inhibition of yeast carboxylase with neopyri- 
thiamine pyrophosphate and decreased formation of cocarboxylase from 
thiamine in chicken blood due to neopyrithiamine. 

With the publication of methods of obtaining more satisfactory prepara- 
tions of a-carboxylase by Singer and Pensky (10), and of thiamine phos- 
phorylase by Leuthardt and Nielsen (11), it was deemed of interest to 
investigate further the mode of action of several thiamine analogues. The 
results of these investigations upon the two enzyme systems are reported 
in this study. 


* Aided, in part, by contract No. AT(80-1)-1056 between the Atomic Energy Com- 
mission and Fordham University. 

‘The following abbreviations are used: Bi, thiamine; OB:, oxythiamine; TDP, 
thiamine diphosphate (cocarboxylase) ; ODP, oxythiamine diphosphate; ATP, adeno- 
sinetriphosphate; AMC, acetylmethylearbinol; NPT, neopyrithiamine. 
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EXPERIMENTAL 
Materials 


Sodium pyruvate was prepared from commercial pyruvic acid by the 
method of Robertson (12). Cocarboxylase and neopyrithiamine were 
generously supplied by Dr. Karl Folkers of Merck and Company, Ine, 
Oxythiamine was prepared according to the method of Rydon (13). This 
was converted to the diphosphate by the procedure of Cerecedo and Eusebi 
(14). Disodium adenosinetriphosphate was a commercial preparation 
obtained from the Pabst Laboratories, Milwaukee, Wisconsin; bovine 
serum albumin, Fraction V, was purchased from Armour and Company, 
Chicago, Illinois. 

Acetaldehyde was prepared from paraldehyde immediately before use, 
The crystalline dimer of acetylmethylearbinol was prepared, according to 
the method of Berl and Bueding (15), from acetylmethylearbinol obtained 
from The Matheson Company, Inc., East Rutherford, New Jersey. 

a-Carboxylase—Carboxylase was prepared from wheat germ according 
to the method of Singer and Pensky (10). This preparation involves de- 
fatting with acetone, extraction with water, isoelectric precipitation, al- 
cohol fractionation, ammonium sulfate fractionation, and dialysis. The 
preparation obtained by these workers contains no cocarboxylase activity 
after final purification and was shown to be electrophoretically homo- 
geneous. The enzyme was stored in the form of the alcohol-precipitated 
powder and was carried through the ammonium sulfate fractionation and 
dialysis when needed. 

Thiamine Phosphorylase—The phosphorylase employed was the rat 
liver preparation of Leuthardt and Nielsen (11). For these experiments, 
the ‘precipitated HCI” fraction was most satisfactory, since it was free of 
cocarboxylase activity. 


Methods 


Pyrwate Decarboxylation—Effects of inhibitors on decarboxylase ac- 
tivity were determined manometrically. The reaction mixtures contained 
0.1 ml. of a-carboxylase preparation (stage (5) in the Singer and Pensky 
method), 1.0 ml. of 0.2 m succinate, pH 6.0, 0.1 ml. of 0.01 m MgS0,, 1 
mg. of serum albumin, and 0.6 ml. of a saturated aqueous solution of 
dimedon at pH 6.0. 0.2 ml. of 0.5 m sodium pyruvate was added to the 
reaction mixture after temperature equilibration. The thiamine analogues 
were added either to the reaction mixture immediately, or, after tempera- 
ture equilibration, together with the substrate. The reaction tempera- 
ture was 30.0°. 

Acetylmethylcarbinol Formation—Acetoin formation was followed col- 
orimetrically by the method of Westerfeld (16). Each tube contained 
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0.1 ml. of a-carboxylase preparation, 1.0 ml. of 0.2 m succinate, pH 6.0, 
and 0.1 ml. of 0.03 m MgSO,. The thiamine analogues were added either 
immediately to the reaction mixture, or, after a period of 20 minutes, 
along with the substrates. The reaction mixture was kept at 30.0°. When 
acetaldehyde and pyruvate were both added as substrates, 0.3 ml. of 0.5 
u acetaldehyde and 0.3 ml. of 0.05 m pyruvate were employed. In the 
ease in which acetaldehyde was the sole substrate, the addition was 0.6 
ml. of 0.5 m acetaldehyde solution. Substrates were always added 15 
minutes after the enzyme. Aliquots were removed immediately after 
introduction of the substrates to the reaction mixture and at the appro- 
priate time intervals. The samples were deproteinized with zinc hydroxide 
by the method of Somogyi (17). The filtrate was employed for the colori- 
metric determination. The galvanometer readings of the initial aliquots 
were subtracted from the readings of the subsequent samples to correct for 
the color production due to acetaldehyde and pyruvate. 

Thiamine Phosphorylation—F¥ or the phosphorylation, the following were 
used per tube: 0.5 ml. of enzyme preparation, 0.1 ml. of 1 m MgSO,, 3 mg. 
of ATP, 2.0 ml. of 0.1 m phosphate, pH 7.4; total volume, 3.4 ml. Thi- 
amine and its analogues were added either simultaneously with the above 
mixture or after an interval of 15 minutes. The total incubation time 
was usually 3 hours and 15 minutes, and the reaction temperature was 38°. 
At the conclusion of the incubation, the tubes were placed for 2 minutes in 
a boiling water bath, cooled, and centrifuged to remove protein. 1 ml. 
of the supernatant fluid was removed and tested for cocarboxylase activity. 

For the determination of cocarboxylase activity we have employed the 
wheat germ carboxylase discussed above. It has been found that this 
preparation is more satisfactory than alkaline washed yeast as a source of 
apocarboxylase. Cocarboxylase standards were prepared by the ad- 
dition of the coenzyme to the reaction mixture at the conclusion of incuba- 
tion, thus compensating for any possible effects of the reaction mixture 
upon the cocarboxylase assay. These aliquots were transferred to War- 
burg vessels containing the mixtures described above under ‘Pyruvate 
decarboxylation.” The relationship of CO. evolution to TDP concentra- 
tion is illustrated in Fig. 1. Thus, the method is seen to be satisfactory 
for the estimation of TDP for these purposes. 


Results 


Inhibition of Carboxylase Activity by Oxythiamine Diphosphate—The 
effects of cocarboxylase and oxythiamine diphosphate on the carboxylase 
system are determined in large part by the order of addition of the two to 
the reaction mixture (Fig. 2). 

The compound added first was placed in the main compartment of the 
Warburg vessel in contact with the enzyme and the remainder of the re- 
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action mixture; the second compound was tipped in with the substrate 
after temperature equilibration. This allowed for approximately 20 
minutes between additions of the two to the apoenzyme. 

Curve 3 of Fig. 2 illustrates the lack of inhibition of the system by oxy- 
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Fig. 1. Relationship of CO, evolution to TDP concentration in phosphorylase re- 
action mixtures. 1 ml. was removed from the reaction mixture and used for assay. 

Fic. 2. Effects of OB: and ODP on carboxylase activity. Curve 1, reaction mix- 
ture, no additions; Curve 2, 7.8 X 10-3 um of TDP added with reaction mixture; 
Curve 3, 7.8 X 10°? um of TDP with reaction mixture and 3.88 X 107! um of ODP 
with substrate; Curve 4, 7.8 X 10-* um of TDP with the reaction mixture and 3.88 X 
10! um of OB, with substrate; Curve 5, 7.8 X 10-* um of TDP with substrate; Curve 
6, 7.8 X 10-3 um of TDP and 3.88 X 10-! um of OB; with substrate; Curve 7, 3.88 X 
10-' um of OB, with reaction mixture and 7.8 X 10°? um of TDP with substrate; 
Curve 8, 7.8 X 10-° um of TDP and 3.88 X 107! um of ODP with substrate; Curve 9, 
3.88 X 10-! um of ODP with reaction mixture and 7.8 X 10-* um of TDP with sub- 
strate; Curve 10, 3.88 X 107! um of ODP with reaction mixture and 1.95 * 107! un of 
TDP with substrate. 


thiamine diphosphate when the analogue is introduced to the system after 
cocarboxylase, thus indicating a strong attachment of coenzyme to apo- 
enzyme. Simultaneous addition of cocarboxylase and oxythiamine di- 
phosphate to the system results in inhibition, as may be seen in Curve 8, 
while introduction of oxythiamine diphosphate before cocarboxylase 
(Curve 9) presents a still greater effect. Curve 10 indicates some dis- 
placement of oxythiamine diphosphate upon increasing the cocarboxylase 
level from 7.8 X 10-* um to 1.95 X 10-' um. The difference between 
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Curves 2, 3, and 4 and Curves 5, 6, and 7 is attributed to the lag in time 
necessary for attachment of coenzyme to apoenzyme. 

Failure of Inhibition of Carboxylase Activity by Oxythiamine—Oxythi- 
amine added at the same molar levels and in the same manner as oxythi- 
amine diphosphate fails to exert an effect on the carboxylase system (Fig. 
9). Thus, whereas the addition of ODP before or simultaneously with 
TDP causes marked inhibition, equimolar quantities of OB; do not alter the 
rate of decarboxylation regardless of the order of addition. 
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Fig. 3. Effects of ODP and OB, on AMC formation from acetaldehyde and pyru 
vate. Curve 1, reaction mixture, no addition; Curve 2, 7.8 X 10-3 um of TDP added 
with reaction mixture; Curve 3, 7.8 X 10-? um of TDP with reaction mixture and 7.8 
X 10"! um of OB, after 15 minutes with substrates; Curve 4, 7.8 X 10°? um of TDP 
with reaction mixture and 7.8 X 10-! um of ODP with substrates; Curve 5, 7.8 x 107% 
um of TDP with substrates; Curve 6, 7.8 X 107! um of OB, with reaction mixture, 
7.8 X 10-* um of TDP with substrates; Curve 7, 7.8 X 10-* um of TDP and 7.8 X 10° 
um of OB, with substrates; Curve 8, 7.8 X 10-* um of TDP and 7.8 X 10-1 um of ODP 
with substrates; Curve 9, 7.8 X 10-! um of ODP with reaction mixture and 7.8 X 
10-3 um of TDP with substrates. 


Failure of Neopyrithiamine to Inhibit Carboxylase Activity—Neopyri- 
thiamine, when employed at the same levels as oxythiamine diphosphate 
and oxythiamine, likewise fails to inhibit decarboxylation, curves identical 
with those shown for OB; in Fig. 2 being obtained. 

In an effort to determine whether neopyrithiamine would act in the 
same manner as oxythiamine diphosphate if phosphorylated, a small 
amount of NPT was treated according to the method employed by Vis- 
contini et al. (18) for the preparation of thiamine triphosphate. An ex- 
tremely hygroscopic crystalline material was obtained. No attempt at 
analysis was made, although paper chromatography indicated the NPT 
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to have been phosphorylated. This material inhibited the carboxylase 
in the same manner as oxythiamine diphosphate. 

Inhibition of Acetylmethylcarbinol Formation by Oxythiamine Diphos- 
phate—Virtually the same inhibition is observed in the synthesis of AMC 
from acetaldehyde and pyruvate as in the carboxylase systems (Fig. 3), 


TABLE I 


Inhibition by Oxrythiamine Diphosphate of Acetylmethylcarbinol Formation from 
Acetaldehyde Alone 


AMC formed per tube after 


Tube No Additions 
1 hr. 2 hrs. 3 hrs. 
Y Y Y 
1 None 3 | 10 13 
2 8 y TDP 41 114 171 
3 8‘ ** 20 min. before 400 y 41 108 156 
ODP 
4 400 y ODP, 20 min. before 8 y 8 21 46 
TDP 





Taste II 
Effects of Oxythiamine and Neopyrithiamine on Rat Liver Phosphorylase 
Experiment No. Additions TDP synthesized per tube 
| Y 
I 10 7 B 9.2 
|; 10 ** ** 62.5 y NPT after 15 min. 2.2 
| 6257 NPT;107B, “ 15 “ 1.9 
507 Bi; 62.57 NPT “ 15 “ 5.4 
| 62.57 NPT; 507B, “ 15 “ 5.6 
Il 10 y Bi 5.4 
1000 y OB:; 10 y B: after 15 min. 4.9 
aS CT Ue S| SS Oe 3.5 


Again the inhibition due to oxythiamine diphosphate is dependent upon 
the order of addition with respect to cocarboxylase; when TDP is added 
20 minutes before, a 100-fold quantity of ODP is ineffective. If, however, 
the two are added along with the substrate, there is pronounced inhibition, 
and almost total inhibition if the ODP is allowed to come in contact with 
the enzyme before TDP. In the case of oxythiamine, it is again seen that 
there is no inhibition. The same inhibition may be brought about with 
the use of acetaldehyde as the sole substrate (Table I). 

We have also found, in agreement with the observation of Singer and 
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Pensky (19), that synthesis of AMC is greater from acetaldehyde plus 
pyruvate than from acetaldehyde alone. 

Effects of Oxythiamine and Neopyrithiamine on Rat Liver Thiamine Phos- 
phorylase—Experiments on the rat liver phosphorylase indicate an interest- 
ing difference between the actions of oxythiamine and neopyrithiamine on 
the enzyme (Table Il). Whereas the presence of neopyrithiamine at a 
molecular ratio to thiamine of only 5:1 results in significant inhibition, 
oxythiamine at levels 100 times those of thiamine is found to be ineffective, 
and only partially effective at levels of 500:1. The inhibition due to NPT 
can be overcome by the addition of larger amounts of thiamine, indicating 
the mode of action to be competitive. In contrast to the inhibition in- 
volving carboxylase, however, the order of addition of substrate and in- 
hibitor in this case is found to be immaterial. Thus, the amount of TDP 
synthesis remains the same whether NPT is added 15 minutes before or 
after the addition of By. 

DISCUSSION 

As a result of these data, we have been led to the following considerations 
in an attempt to clarify the mode of action of these analogues. 

Since no enzyme system containing thiamine diphosphate has as yet been 
discovered which is inhibited by either neopyrithiamine or oxythiamine, 
it would seem unlikely that the action of these two compounds is directly 
upon such a system. From this assumption, we may consider the follow- 
ing three courses. (1) The inhibitor may block the synthesis of thiamine 
diphosphate from thiamine. (2) The inhibitor may itself be phosphory- 
lated, and the resulting compound could in turn compete with TDP for 
the apoenzyme. (3) The inhibitor may in some manner cause the dis- 
placement of thiamine from the tissue of the organism. 

Inhibition of the phosphorylation of thiamine has been definitely shown 
in this study to be the case with NPT. However, there is no action of 
oxythiamine upon the rat liver phosphorylase except at extremely high 
levels. 

Such a difference between the two compounds could possibly explain 
differences found in vivo with mice (3, 4) and with microorganisms (20). 

It is of interest in this respect that Eusebi and Cerecedo (7) report in- 
hibition of TDP synthesis from thiamine by oxythiamine with a purified 
yeast preparation and also with Propionibacterium pentosaceum. Eusebi 
and Cerecedo? have also found no inhibition of phosphorylation of the 
yeast system by NPT. Thus the results obtained with the rat liver prepa- 
ration are diametrically opposed to those found with the yeast system. 

The lack of effect of oxythiamine on liver phosphorylase is especially 


* Unpublished work. 
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difficult to explain in view of the effects of chlorooxythiamine and bromo- 
oxythiamine in vivo (4). These compounds, differing from OB; by re. 
placement of the thiazole alcoholic hydroxyl group with halogen, have been 
shown to be free of antithiamine activity. Thus, the need for the hydroxy] 
group for inhibition in vivo is demonstrated, suggesting the possible ip- 
volvement of the compound in a phosphorylation mechanism. 

The possibility of phosphorylation of the analogues is attractive in the 
light of the inhibitory properties of the synthetically prepared phosphate 
derivatives. Whether this is the actual case, however, cannot be stated 
definitely. From the data presented, this might be expected, at least with 
NPT. If such were the case, phosphorylated NPT would be capable of 
competing with TDP enzymes. 

Elimination of thiamine in the urine of rats injected with oxythiamine 
has been observed by Frohman and Day (21). The authors postulate a 
displacement of thiamine by OB, from enzymes and related proteins with 
which they are reversibly combined. This hypothesis, although incon- 
sistent with the results obtained with rat liver thiamine phosphorylase, 
could possibly explain the toxic properties of oxythiamine in vivo if we 
assume thiamine to be stored in the organism by combination with a pro- 
tein. 

Of course, the possibility of phosphorylation of thiamine by a system 
other than that studied here might be influenced by oxythiamine. By the 
same reasoning, phosphorylation of oxythiamine itself is not entirely ruled 
out. 


SUMMARY 


1. The decarboxylation of pyruvate and the formation of acetylmethyl- 
carbinol by wheat germ carboxylase are inhibited by oxythiamine di- 
phosphate. 

2. The inhibition is largely dependent upon the order of addition of the 
inhibitor and thiamine diphosphate to the enzyme. 

3. Oxythiamine and neopyrithiamine have no effect upon pyruvate de- 
carboxylation. Acetylmethylcarbinol formation is not influenced by the 
addition of oxythiamine. 

4. Neopyrithiamine, but not oxythiamine, is a very potent inhibitor of 
rat liver thiamine phosphorylase. In this case, order of addition of sub- 
strate and inhibitor is immaterial. 

5. The significance of these findings is discussed. 
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DIPHOSPHOPYRIDINE NUCLEOTIDE ISOCITRIC 
DEHYDROGENASE FROM ANIMAL TISSUES* 


By G. W. E. PLAUTTt anp SHAN-CHING SUNG{ 
(From the Institute for Enzyme Research, University of Wisconsin, Madison, Wisconsin) 


(Received for publication, October 26, 1953) 


In a study of the metabolism of heart mitochondria it was found that 
acetate and all substrates of the Krebs cycle except citrate, isocitrate, and 
cis-aconitate were oxidized (1). It was demonstrated that under certain 
conditions the oxidation of citrate could be promoted by the addition of 
diphosphopyridine nucleotide.! Stimulation of citrate oxidation by DPN 
was also observed with certain tumor homogenates (2). It seemed pos- 
sible that this effect could be attributed to the presence of a DPN-linked 
isocitric dehydrogenase. Such an enzyme, in addition to TPN-linked iso- 
citric dehydrogenase, has been purified from yeast juice by Kornberg and 
Pricer (3); its occurrence and partial purification from animal tissues will 
be presented here. 


EXPERIMENTAL 


Evidence for DPN-Linked Isocitric Dehydrogenase—Mitochondria were 
isolated from guinea pig hearts as previously described (1). Acetone pow- 
ders were prepared from these particles by the method of Drysdale and 
Lardy (4), except that the ether wash was omitted and the final drying was 
accomplished in vacuo at room temperature. A yield of about 1 gm. of 
dry powder was obtained from 20 to 25 gm. of heart. When this powder 
was stored for 1 month at —10°, about 25 per cent of the DPN isocitric 
dehydrogenase was lost but none of the TPN enzyme activity. The solu- 
ble enzyme solution was prepared by mixing about 0.25 gm. of acetone 
powder with 10 ml. of 0.01 m phosphate buffer, pH 6.5, with a Potter-Elve- 
hjem homogenizer (5).2 The suspension was then centrifuged for 30 min- 


* A preliminary. report was presented before the Division of Biological Chemistry 
at the 124th meeting of the American Chemical Society, Chicago, September 10, 
1953. This investigation was supported in part by a grant (No. H1279) from the 
United States Public Health Service. 

t Established Investigator of the American Heart Association. 

t Fellow of the National Heart Institute, 1952-53. Present address, Department 
of Biochemistry, College of Medicine, National Taiwan University, Taipei, Formosa. 

' The following abbreviations will be used: triphosphopyridine nucleotide (TPN), 
diphosphopyridine nucleotide (DPN), adenosinetriphosphate (ATP), adenosine-5- 
phosphate (AMP), nicotinamide mononucleotide (NMN), crystalline yeast alcohol 
dehydrogenase (ADH). 

? All enzyme extractions and fractionations were done at 0-2° unless otherwise 
specified. 


305 





306 DPN ISOCITRIC DEHYDROGENASE 


utes at 18,000 X g. The resulting supernatant solution constituted the 
crude enzyme preparation. When DPN was incubated with such a mito. 
chondrial extract under the assay conditions mentioned below, the addi- 
tion of isocitrate resulted in an increase in optical density at 340 my. The 
increase in absorption was due to the reduction of DPN. This was con. 
firmed by stopping the reaction after 30 minutes by immersion of the reac. 
tion vessels in a boiling water bath for 5 minutes; the subsequent addition 
of excess ADH and acetaldehyde (CH;CHO) at pH 6.5 led to the immediate 
reoxidation of the reduced DPN (Fig. 1). As expected, neither acetalde- 
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Fic. 1. Reduction of DPN by isocitrate and reoxidation of DPNH by CH,CHO 
and ADH. Guinea pig heart mitochondrial extract was used as the enzyme. 

Fig. 2. pH optima of DPN and TPN isocitric dehydrogenase. Guinea pig heart 
mitochondrial extract was used as the enzyme. The enzyme extract was diluted 
1:25 to assay the TPN enzyme. Incubation time 4 minutes. @, cacodylate; A, 
tris(hydroxymethyl)aminomethane buffer. The pH activity curves for the enzymes 
from beef heart are almost identical with those above. 


hyde nor alcohol dehydrogenase alone resulted in the reoxidation of reduced 
DPN. 

This extract contains about 30 times more TPN isocitric dehydrogenase 
activity than the corresponding DPN enzyme; however, a difference be- 
tween these enzymes is apparent from the pH optima. When TPN is used 
as the coenzyme, a broad range of reaction-pH dependency is obtained with 
a peak at about pH 7.8. The DPN-linked reaction appears to be much 
more sensitive to the pH of the reaction medium with an optimal pH at 
6.5. The rates obtained with cacodylate and tris(hydroxymethy])amino- 
methane buffer at given pH values were in agreement (Fig. 2). 

Further support for the presence of two separate enzyme entities can be 
obtained by fractionation of the crude guinea pig heart mitochondrial ex- 
tract with ammonium sulfate. In the example used in Table I, 9 ml. of 








the enz 
moniun 
tivity 2 
saturat 
in 4.5 1 
to a Sa 
was br 
ments 

and Ww 
moniu! 
fractio 
the re‘ 


Fract 


Crude 
Rao-s0 
Rso-60 


Re. 


Table 
but o1 
Reo 1' 
were | 

Occ 
citric 
the ov 
II de 
It sh 
the I 
pigeo 
isocit 
be at 
genas 

$T 
at 25' 











G. W. E. PLAUT AND S.-C. SUNG 307 


the enzyme extract were brought to 0.4 saturation’ with saturated am- 
monium sulfate solution. The centrifuged precipitate contained little ac- 
tivity and was discarded. The supernatant solution was adjusted to 0.6 
saturation with ammonium sulfate. The resulting residue was taken up 
in 4.5 ml. of 0.01 m phosphate, pH 6.5, and ammonium sulfate was added 
to a saturation level of 0.5; after centrifugation the supernatant solution 
was brought to 0.6 saturation with ammonium sulfate. The protein sedi- 
ments obtained in this fractionation were dissolved in 0.01 m phosphate 
and were termed Ryo-so and Rso-60, respectively. The 0.6 saturated am- 
monium sulfate solution obtained after the earlier removal of the Rao-¢0 
fraction was brought to 0.8 saturation with solid ammonium sulfate and 
the residue obtained was dissolved in buffer (Rso). As can be seen in 








TABLE I 

Fractionation of Isocitric Dehydrogenase from Guinea Pig Heart with Ammonium 
Sulfate 

DPN system | TPN system 
Fraction sy hes | ea take, 

Specific | Total | Specific Total 

activity | activity activity | activity 

\units per me.| units unils per mg. units 

Crude mitochondrial extract | 70 207 2120 6210 

Ruo-s0 | 139 108 1l | 9 

Rso-to | 161 | 63 23 9 

He oe 


Table I, Rao-so + Rso-6o contained 83 per cent of the original DPN activity 
but only 0.3 per cent of the TPN isocitric dehydrogenase, while in Fraction 
Rg 17 per cent of DPN and 70 per cent of the TPN enzyme activities 
were recovered. 

Occurrence—The previous evidence established the presence of DPN iso- 
citric dehydrogenase in guinea pig heart. It was of interest to determine 
the occurrence of this enzyme in other animal tissues. The results in Table 
II demonstrate that DPN isocitric dehydrogenase is widely distributed. 
It should be pointed out, however, that no attempt was made to separate 
the DPN and TPN enzymes except with guinea pig and beef heart and 
pigeon breast muscle. It is conceivable that the reduction of DPN by 
isocitrate in other non-fractionated crude preparations could, for example, 
be attributed to a mechanism involving TPN enzyme and transdehydro- 
genase (6). 

* The saturation levels referred to here are in terms of saturation of (NH,).SO, 
at 25°, although fractionations were done at 0-2°. 
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Purification of Enzyme—Since only limited quantities of material could 
be obtained in a practical manner from guinea pig heart, DPN isocitric 
dehydrogenase was purified from beef heart. 

Fresh beef hearts! were packed in ice at the packing plant and trans- 
ported to the laboratory within 3 hour. The hearts were trimmed to 
remove fat, ligament, and the auricles. The ventricles were cut into about 
lem. cubes. 2 kilos of this tissue were ground with 5.5 liters of a medium 
containing 0.25 m sucrose and 0.03 m K,HPQO, in a Waring blendor for | 
minute at ‘“fast’”’ and 1 minute at “slow” speed (about 150 gm. of wet tissue 
and 400 ml. of suspending medium were used per Waring blendor bow)), 
The resulting suspension was centrifuged at 600 x g for 10 minutes to 


TaBLeE [I 
Distribution of DPN Isocitric Dehydrogenase 
: * Specific activity of Activity per gm 
Source extract dried Bosc. 
units per me. protein units 
Whole guinea pig heart 6 500 
Guinea pig heart, mitochondria 50-70 2000-4000 
Beef heart, washed residue 25-50 1300-2400 
Whole pig heart 0.5 (Ca.) 100 
Pigeon heart, mitochondria 70 3000 
‘* breast muscle, washed residue 20-40 1500 
Rat kidney, mitochondria 50 5000 
“liver, " 2 600 


* All tissue preparations were acetone-dried powders. The extracts were made 
according to the directions given in the text. 
t Total activity in the extract from 1 gm. of dried acetone powder. 


remove large particles. The resulting supernatant solution was passed 
through a double layer of cheese-cloth to remove floating pieces of fat. 
The filtrate was adjusted to pH 5.8 to 5.9 with dilute acetic acid (7) and 
centrifuged at 1800 X g for 20 minutes. The residue was taken up ina 
minimal quantity of 0.25 m sucrose and centrifuged at 5000 x g for 30 
minutes. ‘The well packed washed residue preparation was then converted 
to an acetone powder as previously described in the case of guinea pig heart 
mitochondria. About 25 gm. of dried preparation were obtained. 

Because of the lability of the enzyme all of the operations described 
below and the assays must be done on the same day. 

5 gm. of acetone powder were extracted with 100 ml. of 0.01 m phosphate, 
pH 6.5. The mixture was centrifuged at 18,000  g for 20 minutes. 80 
ml. of supernatant solution were treated with 1 ml. of calcium phosphate 
gel (2.2 mg. of gel per mg. of protein), the latter prepared according to the 


‘ Kindly furnished by Oscar Mayer and Company, Inc. 
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directions of Swingle and Tiselius (8). After a contact period of 10 min- 
utes, the suspension was centrifuged for 10 minutes at 18,000 «K g. The 
supernatant solution usually contained less than 5 per cent of the activity 
and was discarded. The residue was suspended in 80 ml. of 0.1 mM phos- 
phate, pH 6.5, and centrifuged. The supernatant solution contained 40 
per cent of the protein but little activity. The residue was subsequently 
washed in a similar manner with 60 ml. of 0.6 saturated ammonium sulfate 
which removed a considerable amount of TPN enzyme. The DPN iso- 
citric dehydrogenase was eluted from the gel with 30 ml. of 0.3 saturated 
ammonium sulfate. The ammonium sulfate concentration of the centri- 
fuged eluate was adjusted to 0.6 with saturated ammonium sulfate and 
centrifuged, and the residue was taken up in 9 ml. of 0.01 m phosphate, pH 
6.5. 6 ml. of saturated (NH4)2SO, were added to this solution. Upon 
centrifugation the supernatant layer of the 0.4 saturated solution was 
placed on a starch-Celite column (diameter 2.2 cm., height 2.6 cm.) pre- 
pared according to the directions of Fischer® and Hilport (9). The column 
was washed with 25 ml. of 0.4 saturated (NH,):SO, which removed none 
of the activity but considerable protein. The eluent concentration was 
then changed to 0.3 saturation and three 8 ml. fractions were collected. 
The second fraction contained most of the activity; its ammonium sulfate 
concentration was adjusted to 0.5, and the resulting precipitate was col- 
lected by centrifugation and dissolved in 5 ml. of 0.01 m phosphate, pH 6.5, 
for assay. When the initial extract was compared with the purified ma- 
terial, it was found that the DPN isocitric dehydrogenase increased in 
specific activity from 31 to 1410 units per mg., while the TPN activity 
decreased from 700 to 50 units per mg. Information pertinent to this 
fractionation is summarized in Table III. 

Coenzyme Specificity—Even though the purified DPN isocitric dehydro- 
genase still contained a small amount of TPN enzyme, no significant in- 
hibitory or activating effect by TPN was observed (Fig. 3). Pyridine 
nucleotide transdehydrogenase, which was found by Colowick et al. (6) in 
extracts of Pseudomonas fluorescens, did not seem to be present in this prep- 
aration. Nicotinamide mononucleotide, which activates citrate oxidation 
in heart mitochondria in the presence of small amounts of ATP (1), was 
not active in the crudé or purified preparation either in the absence or 
presence of ATP. As a matter of fact, the DPN enzyme was almost com- 
pletely inhibited by 6 um of ATP. 

Properties of Enzyme—DPN isocitric dehydrogenase was completely in- 
active in the absence of certain metal ions. Manganous ion was found to 
be a more effective activator than magnesium (Fig. 4). 

In contrast to the TPN enzyme which has a very high affinity for isocit- 

5 We wish to thank Dr. E. H. Fischer for giving us the details for this procedure 
prior to publication. 
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rate (K, < 1.2 X 10-° m (10)) the DPN enzyme has a much higher K, (ap- 

proximately 4.5 X 10-* m) (Fig. 5). Kppy was approximately 6 x 10-5 y 
Evidence has been presented here that the addition of d-isocitrate® leads 

to the reduction of DPN in the presence of the appropriate enzyme. Ip 


TaBLe III 
Purification of DPN -Linked Isocitric Dehydrogenase 


“ss Specific Recovery of | p .,_.. 
Step activity* original Purification 
units per cent fold 
Crude extract..... ey 31 


Cas3(PO,)2 gel 


a as gue Ds aha Sek e's 0 0 

0.1 m phosphate, pH 6.5, wash.... 5 8 

0.3 saturated (NH,)2S0O, eluate.... 138 70 
0.4 saturated (NH,)2SO, supernatant. . 261 60 9 
Starch column effluent...... Perr | 1410 34 
Over-all purification. ... — ier 1410 | 34 46 


* Units per mg. of protein. 
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Fig. 3. Effect of TPN on purified DPN isocitric dehydrogenase. Enzyme specific 
activity 1410 units per mg. Curve a, 1 um of DPN added initially; Curve b, 0.15 um 
of TPN added first, followed after 225 seconds by 1 um of DPN. 


view of the studies with TPN enzyme from pig heart (10, 11) and DPN iso- 
citric dehydrogenase from yeast (3) it was to be expected that the product 
of oxidation of the substrate was a-ketoglutarate. When the reduction of 
DPN was compared with the appearance of a-ketoglutarate, a stoichiomet- 
ric relationship was observed (Table IV). When the product of this reac- 


6 On a molar basis dl-isocitrate is one-half as effective as the d form (Fig. 5). 
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SUNG 
tion was converted to the 2,4-dinitrophenylhydrazone, it was found to 
migrate at the same rate as an authentic sample of the 2 ,4-dinitropheny]- 


hydrazone of a-ketoglutarate on silica gel columns with different solvent 
systems (12).7 
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Fic. 4. Effect of metal ions on DPN isocitric dehydrogenase. Extract from 
washed residue powder of beef heart, specific activity 32 units per mg., used as en- 
zyme. Incubated for 3 minutes. 

Fic. 5. Effect of isocitrate concentration on DPN isocitric dehydrogenase (beef 
heart extract, specific activity 50 units per mg.). @, dl-isocitric acid; A, d-isocitric 
acid. 


TABLE IV 


Stoichiometric Relation between Reaction Products 


Experiment No. Run DPNH formed a-Ketoglutarate formed 
uM um 
1 Experimental 0.397 | 0.360 
Control 0 0 
2 Experimental 0.393 0.384 
Control 0 0 








Purified DPN isocitric dehydrogenase from beef heart was used. Prevarations 
with a specific aetivity of 1410 and 1460 units per mg. were used in Experiments 1 
and 2, respectively. 


When crude dialyzed guinea pig or beef heart extracts were used to re- 
duce DPN in the presence of isocitrate, the reduced DPN could be reoxi- 
dized by the addition of a-ketoglutarate and bicarbonate or by oxalosuc- 
cinate. Similar results were obtained with purified fractions from guinea 
pig heart which contained much DPN enzyme but little TPN isocitric 


7 We wish to thank Dr. D. O. Brummond for giving us the directions for this 
procedure prior to publication. 





312 


DPN ISOCITRIC DEHYDROGENASE 


dehydrogenase. When DPNH was added directly to such preparations. 
reoxidation was observed with a-ketoglutarate and bicarbonate (Fig. 6), 
These observations suggested that the reaction catalyzed by DPN isocitrie 
dehydrogenase was reversible (13). However, when more highly purified 
DPN isocitric dehydrogenase from beef heart was employed, practically 
no reoxidation of DPNH by either a-ketoglutarate or oxalosuccinate could 
be obtained (Fig. 6). Furthermore, it was found that, in crude prepara- 
tions, DPNH could be reoxidized by a-ketoglutarate in the absence of 
added bicarbonate and that Mn++, which was absolutely required for the 
isocitric dehydrogenase reaction, was not needed for the oxidation of 
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TIME IN MINUTES 
Fic. 6. Reoxidation of DPNH in the presence of isocitric dehydrogenase prepara- 
tions. Crude enzyme, extract from beef heart washed residue powder; dialyzed for 
4 hours against 0.01 m phosphate, pH 6.5; specific activity 30 units per mg. Purified 
enzyme, from beef heart, 1400 units per mg. 0.21 um of DPNH present in each tube. 
30 um of a-ketoglutarate (KG) plus 0.3 ml. of bicarbonate (0.1 m NaHCO; saturated 
with CO) and 2 uM of oxalosuccinate (OSA) per cuvette, respectively. Control (B). 


DPNH by a-ketoglutarate. Attempts to identify isocitrate as the prod- 
uct of the reaction between a-ketoglutarate and DPNH both in the pres- 
ence and absence of bicarbonate were unsuccessful, and it would appear 
that some other product is formed. 
progress. 


Further studies on this point are in 


DISCUSSION 


DPN isocitric dehydrogenase from guinea pig heart mitochondria or beef 
heart washed residue preparations resembles in many ways the analogous 


enzyme prepared from yeast by Kornberg and Pricer (3). For example, it 


is more labile than the corresponding TPN enzyme, the metal require- 
ment is similar, and finally with purified enzyme no reoxidation of DPNH 
can be demonstrated with either a-ketoglutarate or oxalosuccinate. 


How- 
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ever, in contrast to the enzyme from yeast, the addition of AMP is not 
absolutely required for activity, although it has been found to stimulate the 
reaction at times and was therefore routinely added to the reaction mix- 
ture. 

The presence of DPN isocitric dehydrogenase in whole guinea pig heart 
mitochondria could not be demonstrated. However, the failure may have 
been due to the use of cyanide in this assay (14) to inhibit cytochrome oxi- 
dase which was subsequently found to be inhibitory to the soluble DPN 
enzyme. 


Methods and Materials 


Protein was determined by the method of Warburg and Christian (15) 
and a-ketoglutarate by a modification of the colorimetric procedure of 
Friedemann and Haugen (16). d-Isocitric acid (17) was kindly supplied 
by Dr. V. R. Potter from a sample prepared by Dr. Alton Meister. dl-Iso- 
citrie acid and oxalosuccinic acid were purchased from the California Foun- 
dation for Biochemical Research, 89 per cent DPN and 59 per cent TPN 
from the Sigma Chemical Company, and ATP from the Pabst Labora- 
tories. 80 per cent NMN was prepared by a modification of the method of 
Kornberg and Pricer (18, 19). DPNH was prepared by reduction of DPN 
with alcohol in the presence of crystalline alcohol dehydrogenase (20), fol- 
lowed by heating and removal of denatured protein by centrifugation. 

The following reaction mixtures were used for the assay of DPN and 
TPN isocitric dehydrogenase activity, respectively. The DPN system con- 
tained 1.0 ml. of 0.1 m cacodylate buffer, pH 6.5, enzyme solution, 0.1 ml. 
of 0.01 m DPN, 0.1 ml. of 0.01 m AMP, 0.1 ml. of 0.02 m MnSO,, and 0.1 
ml. of 0.08 m dl-isocitrate; volume made up to 3 ml. with water. The 
TPN system contained 1.0 ml. of 0.1 m tris(hydroxymethyl)aminomethane 
buffer, pH 7.4, enzyme solution, 0.2 ml. of 0.0015 m TPN, 0.1 ml. of 0.02 
am MnSO,, and 0.05 ml. of 0.08 m dl-isocitrate; volume made up to 3 ml. 
with water. In all cases a control containing all reaction components ex- 
cept isocitrate accompanied the particular sample tested. All assays were 
performed at room temperature in a Beckman model DU spectrophotom- 
eter in cuvettes of 1 em. light path. 

A unit of enzyme activity was defined as the amount causing an increase 
in optical density of 0.01 per minute under conditions for which the rate 
of density increase remained linear for at least 5 minutes. 


SUMMARY 


DPN isocitric dehydrogenase activity was found in aqueous extracts of 
acetone powders of mitochondria (or washed residues) from various tis- 
sues. TPN and DPN isocitric dehydrogenase activity in such prepara- 
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tions was separated in the case of pigeon breast muscle, guinea pig heart, 
and beef heart. The DPN enzyme was purified 40- to 50-fold from beef 
heart extract. DPNH and a-ketoglutarate were formed in equivalent 
amounts in this reaction between DPN and isocitrate. The DPN ep. 
zyme was activated by Mnt* and Mg** and had a K, of approximately 
4.5 X 10-‘ m; the pH optimum was at pH 6.5 (TPN system, pH 7.8). In 
contrast to DPN isocitric dehydrogenase from yeast the addition of adeno- 
sine-5-phosphate was not required for activity. When purified DPN iso- 
citric dehydrogenase was used, DPNH could not be reoxidized with a- 
ketoglutarate and bicarbonate or oxalosuccinate. 


BIBLIOGRAPHY 


. Plaut, G. W. E., and Plaut, K. A., J. Biol. Chem., 199, 141 (1952). 
. Weinhouse, S., Cancer Res., 11, 585 (1951). 
. Kornberg, A., and Pricer, W. E., Jr., J. Biol. Chem., 189, 123 (1951). 
. Drysdale, G. R., and Lardy, H. A., J. Biol. Chem., 202, 119 (1953). 
. Potter, V. R., and Elvehjem, C. A., J. Biol. Chem., 114, 495 (1936). 
. Colowick, 8. P., Kaplan, N. O., Neufeld, E. F., and Ciotti, M. M., J. Biol. Chem., 
195, 95 (1952). 
7. Keilin, D., and Hartree, E. F., Biochem. J., 41, 503 (1947). 
8. Swingle, S., and Tiselius, A., Biochem. J., 48, 171 (1951). 
9. Fischer, E. H., and Hilport, H. M., Experientia, 9, 176 (1953). 
10. Ochoa, S., J. Biol. Chem., 174, 133 (1948). 
11. Adler, E., von Euler, H., Giinther, G., and Plass, M., Biochem. J., 38, 1028 (1939). 
12. Brummond, D. O., and Burris, R. H., Proc. Nat. Acad. Sc., 89, 754 (1953). 
13. Sung, 8.-C., and Plaut, G. W. E., Abstracts, American Chemical Society, 124th 
meeting, Chicago, 54C (1953). 
14. Hogeboom, G. H., and Schneider, W. C., J. Biol. Chem., 186, 417 (1950). 
15. Warburg, O., and Christian, W., Biochem. Z., 310, 384 (1941). 
16. Friedemann, T. E., and Haugen, G. E., J. Biol. Chem., 147, 415 (1943). 
17. Pucher, G. W., Abrahams, M. D., and Vickery, H. B., J. Biol. Chem., 172, 579 
(1948). 
‘18. Kornberg, A., and Pricer, W. E., Jr., J. Biol. Chem., 182, 763 (1950). 
19. Plaut, G. W. E., and Plaut, K. A., Arch. Biochem. and Biophys., 48, 189 (1954). 
20. Racker, E., J. Biol. Chem., 184, 313 (1950). 


oor WHE 








TH 


Bi 


(Fro 


In t 
origin, 
separa 
graph 
emplo 
subste 
Keutr 
acetat 
devise 
adren 
on su 
elimir 
This 
to be 
olites 
the s 
parti 
tiona 
mobi 

A 
phas 
mobi 
stero 
polar 

7 
Cane 
Rese: 
bitt | 

Publi 

t] 
@ 


§ 
1] 





art 
beef 
lent 
en- 
itely 
In 
eno- 
1S0- 
h a- 


vem.., 


939). 


24th 


» 579 


954). 





SEPARATION OF STEROID HORMONES AND THEIR 
METABOLITES BY PARTITION TYPE 
CHROMATOGRAPH Y* 


By ESTELLA R. KATZENELLENBOGEN,t KONRAD DOBRINER,t 
AND THEODORE H. KRITCHEVSKY$§ 


(From the Sloan-Kettering Institute for Cancer Research, New York, New York) 


(Received for publication, September 26, 1953) 


In the course of investigations of the metabolism of steroids of adrenal 
origin, it became necessary to develop a chromatographic procedure for the 
separation of highly polar steroid metabolites. Adsorption chromato- 
graphic methods in which silica gel, alumina, or magnesium silicate was 
employed (1) proved unsatisfactory when applied to the separation of these 
substances. At the time this research was begun, Burton, Zaffaroni, and 
Keutmann (2) had reported the separation of adrenal steroids and their 
acetates by the use of a paper partition technique, and Haines (3) had 
devised a partition type chromatographic method for the separation of 
adrenal hormiones. In both methods, high boiling polar solvents, adsorbed 
on suitable supports, served as stationary phases, and it was necessary to 
eliminate these relatively non-volatile solvents from the eluted steroids. 
This constitutes a definite disadvantage if a large number of fractions has 
to be separated. For the analysis of complex mixtures of urinary metab- 
olites, it was, therefore, desirable to use a more volatile polar compound in 
the stationary phase. Since then, Jones and Stitch (4) have devised a 
partition type chromatogram with nitromethane on silicic acid as a sta- 
tionary phase and small amounts of chloroform in petroleum ether as the 
mobile phase. 

A system consisting of ethanol adsorbed on silica gel as the stationary 
phase! and methylene chloride containing 1 to 5 per cent of ethanol as the 
mobile phase was found to be satisfactory for the resolution of most of the 
steroid mixtures encountered in urinary extracts. In certain cases the 
polarity of the mobile phase was diminished by the addition of an equal 


* The authors gratefully acknowledge the assistance of grants from the American 
Cancer Society (on recommendation of the Committee on Growth of the National 
Research Council), the Commonwealth Fund, the Anna Fuller Fund, the Lillia Bab- 
bitt Hyde Foundation, and the National Institutes of Health of the United States 
Public Health Service. 

t Present address, 3938 Normandie Avenue, Los Angeles, California. 

t Died March 10, 1952. 

§ Present address, Ninol Laboratories, Inc., Chicago, Illinois. 

' Hereafter referred to as the ethanol column. 
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volume of petroleum ether. For those steroid mixtures which could not 
be separated by this method, another process was developed with form. 
amide adsorbed on silica gel as the stationary phase? and cyclohexane or 
cyclohexane-benzene mixtures as the mobile phase. Formamide is slightly 
soluble in the mobile phase and hence minor contamination by this rela. 
tively non-volatile substance interfered significantly with the infra-red 
spectrometry, but not with the other analytical procedures used. 

The resolution of closely related adrenal steroids can be readily achieved 
by the use of either or both of these columns. Substances with a ketone 
group at C-11 are easily separated from the 118-hydroxy analogues.  Simi- 
larly, compounds differing only with respect to the steric configuration of 
the ring juncture at C-5 or by the presence or absence of unsaturation in 
conjugation with a ketone group are easily separable. Mixtures of 3a,17a- 
dihydroxypregnane-20-one and 3a,116-dihydroxyandrostane-17-one were 
not resolved on the ethanol column. However, they separate well from 
each other and also from the other C-11 oxygenated 17-ketosteroids on the 
formamide column. 


EXPERIMENTAL 


Materials—Commercial grade silica gel (Davison), mesh size “through 
200,” was used. All solvents were ¢.p. or analytical reagent grade and 
were redistilled before use. Solvent mixtures were prepared on a volume 
per cent basis. 

Preparation of Ethanol Column—To each 10 gm. of silica gel, 4 ml. of 
absolute alcohol were added with vigorous shaking or blending with a 
spatula. The dry powdery mixture was allowed to cool and was poured in 
a fine stream into a chromatographic tube previously filled with the mobile 
phase. The column was vigorously tapped with a rubber hammer while 
_ the gel settled. A cotton plug and a layer of sand supported the gel, and 
the top of the column was protected by another layer of sand. After this 
preparation, the column was washed with 100 to 300 ml. of the mobile 
phase. The chromatographic tubes were provided with a water jacket 
and were cooled throughout the preparation and operation of the columns. 

The sample, dissolved in the smallest possible volume of mobile phase, 
was added to the column and the solution was allowed to seep into the ad- 
sorbent before additional mobile phase was added. The columns were 
operated at slow flow rates and the fractions were collected with the aid of 
an automatic fraction collector. 

Preparation of Formamide Column—To 10 gm. of silica gel, 4 ml. of 
formamide were added with thorough mixing. If, as a result of variation 
in the water content of the gel, a pasty mixture results, additional small 


2 Hereafter referred to as the formamide column. 
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amounts of silica gel can be added until a freely flowing powder is obtained. 
The other details of preparation and operation are, in all essentials, similar 
to those for the ethanol column. 

Size of Column—The distance between the concentration maxima of two 


0 H=12.4 Cm. H=42.5 Cm. 


MG./ FRACTION 
e 











, 


io 15 








FRACTION NUMBER 


Fic. 1. The improved separation of a mixture of two steroids by increasing the 
column height: In each column 4 mg. of a 1:1 mixture of the two steroids were ap 
plied to a column prepared from 8 gm. of silica gel containing 3.2 ml. of ethanol. The 
mobile phase was 2 per cent ethanol in methylene chloride. Each fraction in the 
shorter column contained 8 ml.; each fraction in the longer column contained 5 ml. 
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Fic. 2. Separation of a small amount of cortisone acetate (/) from a larger quan- 
tity of hydrocortisone acetate (2). A mixture of 0.5 mg. of cortisone acetate and 8 
mg. of hydrocortisone acetate was applied to a column prepared from 8 gm. of silica 
gel and 3.2 ml. of ethanol. The height of the column was 13cm. The mobile phase 
was 2 per cent ethanol in methylene chloride. Each fraction contained 6 ml. 








318 SEPARATION OF STEROID HORMONES 


bands in an ideal partition system should increase in proportion to the 
length traveled. Likewise, the number of theoretical plates should de. 
crease as the cross-sectional area is diminished. Therefore, provided the 
column holds less than the maximal load of adsorbed compounds, i.e, the 
cross-section area is large enough, an improved separation should be ef. 
fected with an increase in height. Although these columns of ethanol or 
formamide on silica gel are partition columns only in a formal sense, com- 
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Fig. 3. Effect of the rate of flow upon the separation of cortisone acetate (1) and 
hydrocortisone acetate (2). The columns were 13 cm. long and 1 em. in diameter, 
containing 8 gm. of silica gel with 3.2 ml. of ethanol. The mobile phase was 2 per 
cent ethanol in methylene chloride. 4 mg. of a 1:1 mixture of (1) and (2) were ap- 
plied to the column. Each fraction contained 6 ml. 


pared with liquid-liquid distribution, it was anticipated that the per- 
formance would be in agreement with the foregoing predictions. Fig. 1 
demonstrates that an improved separation was obtained with a 3-fold in- 
crease in the height of the column. The same separation is obtained when 
smaller or larger amounts of a mixture, below the maximal load, are applied 
to the chromatogram. Similarly, small amounts of one compound can be 
efficiently separated from large amounts of another, as evidenced in Fig. 2 
where 0.5 mg. of cortisone acetate was readily recovered in the presence of 
8 mg. of hydrocortisone acetate. 

In practice, efficient separation can be achieved with an amount of 
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solvent-equilibrated silica gel corresponding to 400 times the weight of 
substance. In specific instances, however, in which the separation to be 
eflected is facile or difficult, wide variation can be made from this ratio. 


TABLE I 


Separation of Mixtures of Pure Steroids 





, | Adsorbent, Effluent* used to elute 
Rapeement height and 
we diameter Substance 1 |Substance 2 |Substance 3 ‘Substance 4 Substance 5 |Substance 6 
7 cm. ml ml, mil. mil. ml. ml. 
I 45 X 1.2 290 480 | 
340 | 630 | 
410 | 650 | 
II 462.1 | 270 | 420 
350 | 600 
Ill 39 X 0.6 | 171 273 
225 324 
260 400 
IV 44.X 1.3 | 110 230 | 
| 185 325 





The stationary phase in Experiments I and IV was 40 gm. of silica gel containing 
16 ml. of ethanol; in Experiment II, 55 gm. of silica gel containing 22 ml. of forma- 
mide; in Experiment III, 8 gm. of silica gel containing 3.2 ml. of ethanol. The 
mobile phase in Experiments I and IV was methylene chloride-petroleum ether 
(1:1) containing 1 per cent of ethanol; in Experiment II, cyclohexane; in Experi- 
ment III, methylene chloride containing 1 per cent of ethanol. The amounts of 
each substance applied to the columns were 3 mg. in Experiment I, 5 mg. in Experi- 
ment II, and 2 mg. in Experiments III and IV. 

* The smallest number in each box refers to the first ml. of effluent in which the 
substance was detected; the number in bold-faced type refers to the ml. of maximal 
concentration; the largest number refers to the ml. in which the last trace of sub- 
stance was detectable. Substance 1, androsterone; Substance 2, 3a-hydroxyetio- 
cholane-17-one; Substance 3, 3a,21-diacetoxy-17a-hydroxypregnane-11,20-dione; 
Substance 4, 3a;21-diacetoxy-118,17a-dihydroxypregnane-20-one; Substance 5, 
la-hydroxy-2] -acetoxypregnane-3, 11 ,20-trione; Substance 6, 118, 17a-dihydroxy-21- 
acetoxypregnane-3 , 20-dione. 


As a general rule, columns approximately 40 cm. long have been satis- 
factory. 

Rate of Flow—-Fast flow results in tailing and impaired separation. A 
flow rate which permits the most efficient separation can be established 
empirically, and there is little advantage in the use of still slower rates 
than necessary for equilibration. These effects are illustrated in Fig. 3. 

Typical Separations—Tables I and II illustrate some of the separations 
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effected by both ethanol and formamide columns. These separations have 
been repeatedly confirmed in routine work of this laboratory. 
Analytical Methods—For qualitative identification infra-red spectrom. 


TaB_e II 
Separation of Mixtures of Pure Adrenocortical Steroids 
. Adsorbent, | Effluent* used to elute 
Experiment : , } 
N height and 
vO. : 
diameter 


Substance 1 | Substance 2 Substance 3 Substance 4 | Substance § 


| 
ml. mil. mil. ml. 


cm. | mil. 
V 38 X 0.6 | | 92 151 | 205) =| 
| | 115 180 6| )6=— 260 si*Frf 
| 146 | 20 | ~ 318 | 
} ee a oe ae 
VI | 13x1 | 130 | 340 | 
160 490 
| 260 | 650 
: | 7 
vil | 13x1 | ~ 10 | 38 | 
| 22 48 | 
34 | 66 
| | ae 
VIII 3x1 | | 54 «| s144 
81 180 
j | | ma | @& 


The stationary phase in all experiments was 8 gm. of silica gel containing 3.2 ml. 
of ethanol. The mobile phase was 1 per cent ethanol in methylene chloride for 
Experiments V and VI; 2 per cent ethanol was used in Experiments VII and VIII. 
2 mg. of each substance separated were applied to the column. 

* The smallest number in each box refers to the first ml. of effluent in which the 
substance was detected; the number in bold-faced type refers to the ml. of maxi- 

. mal concentration; the largest number refers to the ml. in which the last trace of 
substance was detectable. Substance 1, 21-acetoxy-A‘-pregnene-3,11,20-trione 
(dehydrocorticosterone acetate) ; Substance 2, 17a-hydroxy-21-acetoxy-A‘-pregnene- 
3,20-dione (Reichstein’s Substance S acetate); Substance 3, 118-hydroxy-2l- 
acetoxy-A‘-pregnene-3 , 20-dione (corticosterone acetate) ; Substance 4, 17a-hydroxy- 
21-acetoxy-A‘-pregnene-3,11,20-trione (cortisone acetate); Substance 5, 118;17a- 
dihydroxy-21-acetoxy-A‘-pregnene-3,20-dione (hydrocortisone acetate). 


etry was used, supplemented, in a few cases, by paper chromatography and 
the development of fluorescence with concentrated sulfuric acid. For 
quantitative analysis ultraviolet spectrometry was employed for com- 
3 pounds containing the conjugated A‘-3-ketone system; the data were calcu- 
lated with the average value of €24 = 16,600. The 17-ketosteroids were 
determined by the Zimmermann color reaction as modified by Talbot-et al. 
(5). 21-Acetoxy-118, 17a-dihydroxypregnane-3 ,20-dione (dihydro F ace- 
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tate), 2l-acetoxy-17a-hydroxypregnane-3 ,11,20-trione (dihydro E  ace- 
tate), 3a,21-diacetoxy-118,17a-dihydroxypregnane-20-one (tetrahydro F 
diacetate), and 3a ,21-diacetoxy-17a-hydroxypregnane-11 ,20-dione (tetra- 
hydro E diacetate) were estimated by measuring in the infra-red the per 
cent transmission at the maxima of the carbonyl-stretching absorption 
characteristic of each compound. This method was reproducible within 
about 10 per cent. 


SUMMARY 


The preparation and performance of partition type chromatographic 
columns for the separation of steroids has been described. The stationary 
phase consisted of silica gel impregnated with either ethanol or formamide; 
the mobile phase was either methylene chloride containing varying amounts 
of ethanol or mixtures of aromatic and aliphatic hydrocarbons. Good 
separation of relatively polar steroids has been obtained by these pro- 
cedures. 


The authors acknowledge with thanks the technical assistance of Milli- 
cent Houde in various phases of this work as well as the assistance of 
Friederike Herling with infra-red spectrometry. We are grateful to Dr. 
T. F. Gallagher for his interest and encouragement during the course of the 
work and to Dr. Ivan I. Salamon for his invaluable assistance in the 
preparation of the manuscript. 
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38,6a-DIHY DROXYALLOPREGNANE-20-ONE FROM HUMAN 
URINE* 


By IVAN I. SALAMONT ano KONRAD DOBRINER{ 


(From the Sloan-Kettering Institute for Cancer Research, New York, New York) 
(Received for publication, October 5, 1953) 


In 1947 Lieberman, Dobriner, et al. (1) isolated and characterized a 
urinary steroid of unknown constitution. The compound, provisionally 
designated Compound B7, had been obtained from the ‘‘8-ketonic” frac- 
tion of urine from pregnant women. It melted at 210°, [a], +99°, and 
analyzed correctly for CaHxO;3. It formed a diacetate (m.p. 104°) and 
a monoxime (m.p. 237°, decomposition) and, on oxidation with chromic 
acid, afforded an unidentified triketone, C2:H3903; (m.p. 237°), stated not 
to be identical with allopregnane-3 ,6,20-trione. The urinary steroid, 
Compound B7, has now been identified as the hitherto unknown 36,6a- 
dihydroxyallopregnane-20-one (I). This report presents the evidence upon 
which the structure is based. 

In the infra-red spectrum, Compound B7 diacetate showed the absorp- 
tion band at 1706 cm.—' (CS,2) that is characteristic of steroids containing a 
C-17-acetyl group (2,3). The infra-red absorption spectrum of its product 
of oxidation, the triketone, m.p. 237°, was identical with the absorption 
spectrum of allopregnane-3 ,6,20-trione (III) (1, 4, 5), and the mixture 
melting point of the two substances was undepressed. These facts indi- 
cate that Compound B7 is one of the four isomers of 3 ,6-dihydroxyallo- 
pregnane-20-one (e.g. I). If then it is assumed that the configuration of 
the C-3-hydroxyl group is 8, since the compound had been isolated from 
the fractions precipitated by digitonin, the probable configuration of its 
C-6-hydroxyl group can be inferred from the study of the molecular rota- 
tions shown in Table I. The data, for reasons discussed below, suggest 
that Compound B7 has the 38 ,6a configuration shown in formula I. 

Compound B7; however, was found to be different from a degradation 
product considered to be 38,6a-dihydroxyallopregnane-20-one (I), ob- 
tained from chlorogenin by Marker et al. (4). They prepared this degrada- 
tion product in two different ways, from pseudochlorogenin triacetate (XII) 


* The authors gratefully acknowledge the assistance of grants from the American 
Cancer Society (on recommendation of the Committee on Growth of the National 
Research Council), the Commonwealth Fund, the Anna Fuller Fund, the Lillia 
Babbitt Hyde Foundation, and the National Cancer Institute of the National In- 
stitutes of Health of the United States Public Health Service. 

t Research Fellow of the National Institutes of Health, 1951-52. 

t Died March 10, 1952. 
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and from the “diacetate of dihydropseudochlorogenin”’ respectively, |) 
both sequences the intermediates failed to crystallize, but the end-products 
of melting point 208° were identical. On the basis of the early formulation 
of the pseudosapogenin side chain (e.g. VIII for pseudochlorogenin acetate 


CHs CHs CHy 
co CO co 
CrOs CrO3 
win. 
I RH » ae 10 hing 
RO ~ = fete fe) ~ HO : 
OR fe) OH 
He, Pd or Ho, Pt 
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Co . co 
“~~ 2Hs0] -- OCgHs 
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(a, b) 
RO“, VY RH HO“; MI Aco" 
ia VI Re Ac OH OAc 
KOH, EtoH|(%>? 
—_ 
CO CO 
0 AcO” Cr05(a) 
He Pt (as 
Aco“ a AcO7 7 
OAc OAc OH 
[eo (a, b) |. pt 
0 AcO ") 
Ac,0 CrOs 
—_—— 
Na(EtOH) 
Aco“ aL i xm 0 
OAc OH 


(6), the reactions were correctly interpreted as leading to the saturated 
diolone I. However, if the reactions of the sequence (a) (as outlined in the 
scheme) are applied to pseudochlorogenin diacetate, formulated with the 
revised structure of the side chain (XII) (7), the intermediate [IX should 
be formed instead of II. Since the “diacetate of dihydropseudochloro- 
genin”’ is probably identical with pseudochlorogenin triacetate (XII), the 
alternative sequence (b) might well be simply a chromic acid oxidation of 
XII and would yield IX, a product unaffected by hydrogenation with pal- 
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ladium catalyst. However, [X will yield the equilibrium mixture of 38 ,6a- 
dihydroxy-A'*-allopregnene-20-one (V) and 38,6a-dihydroxy-16a-ethoxy- 
allopregnane-20-one (VII) on hydrolysis with ethanolic potassium hydrox- 
ide, in analogy to the observations made by Fukushima and Gallagher 
(8). Accordingly, a sample of Marker’s preparation' was found to be 
lacking in absorption between 1706 and 1710 cm.—', but it showed the strong 
absorption band at 1670 cm.—' (CS) that characterizes A'*-unsaturated-20- 
ketones (e.g. V, VI) (9), as well as specific absorption in the ultraviolet 
(€39 = 8520). This sample was acetylated and, without purification of 
the intermediates, subjected to hydrogenation with Adams’ catalyst, fol- 
lowed by chromic acid oxidation. From the products a fraction melting 
at 104°, [a], +73°, was isolated which did not depress the melting point 
of the diacetate of Compound B7, and the infra-red absorption spectra 
of the two substances were identical. Alkaline hydrolysis yielded material 
melting at 210°, identical with the free urinary Compound B7. Pure 
38 ,6a-diacetoxy-A'*-allopregnene-20-one (VI) was prepared, after acetyla- 
tion and careful chromatography, from a crude sample! of Marker’s deg- 
radation product. It melted at 115°, showed [a], +64°, €239 = 9510, 
and conjugated carbonyl absorption at 1670 cm.-'. When hydrogenated 
with palladium on barium sulfate as a catalyst, a product which was identi- 
cal with the diacetate of urinary Compound B7 was obtained. 

With the conversion of the degradation product (V) from chlorogenin 
into the diacetate of the urinary Compound B7, the constitution of the 
latter as II is proved, and the evidence for its configuration at C-3 and 
C-6 rests on the evidence for the configuration of chlorogenin. Marker 
et al. (11) formulated chlorogenin as 38 ,6a-dihydroxy-5a ,22a-spirostane 
(XIII), principally on its formation from chlorogenone (XIV) by reduction 
with sodium in ethanol (4, 11), whereas hydrogenation of XIV with plati- 
num as a catalyst afforded the isomeric 8-chlorogenin, to which the formula 
of 38 ,68-dihydroxy-5a ,22a-spirostane (XI) was assigned. These reactions 
were fully analogous to the reductions of cholestane-3 ,6-dione (12), also 
carried out by Windaus and Liiders (13, 14) and more recently by other 
workers (15, 16), to yield cholestane-38 ,6a-diol with sodium metal, and 
cholestane-38 ,68-diol with hydrogen and platinum.’ The configurations 
of the cholestane-38 ,6-diols were later firmly established through the work 
of Plattner et al. (16, 18). For chlorogenin, the configuration at C-3 was 
verified through its conversion into tigogenin (19) which had earlier been 

‘Kindly provided by Dr. J. A. Moore, of Parke, Davis and Company, Detroit, 
Michigan. 

*This molar extinction is somewhat less than is generally shown by compounds 
of the type V (e 9100 to 9500) (10). 

*See also the reduction of 3,6-diketoallocholanic acid to allohyodesoxycholic 
acid (38,68-dihydroxyallocholanie acid) with hydrogen and platinum (17). 
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TaBLe [ degrac 
Comparison of Molecular Rotations entati 
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aim ; A[M] » * 2 
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| 6a-OAc | 68-OAc 
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degraded to allopregnane-38-ol-20-one (20). The assignment of the a ori- 
entation to its C-6 hydroxyl group can be strongly supported by the com- 
parison of the values of molecular rotation presented in Table I. These 
indicate a significant increase of the [M] , values if either a hydroxyl or an 
acetoxyl group is introduced in the a configuration of C-6 in all the deriva- 
tives of cholestane, 5a,22a-spirostane, and allopregnane-20-one shown. 
Conversely, these same groups in the 6 orientation afford a decrement. 
Furthermore, the oxidation of a 38,6a-dihydroxy compound to the corre- 
sponding 3 ,6-diketone is accompanied by a much larger levorotatory shift 
than is observed after the similar oxidation of a 38 ,68-dihydroxy compound 
of the same series. In view of these data, the configuration (XIII) as- 
signed to chlorogenin, although based on indirect evidence (11), appears, 
nevertheless, to be correct. Consequently, the same applies to the urinary 
Compound B7 prepared from its degradation product and therefore pro- 
perly formulated as I. 


EXPERIMENTAL 


Allopregnane- ,6 ,20-trione from Urinary Compound B7—96 mg. of im- 
pure product having infra-red absorption characteristic of Compound B7 
were acetylated with acetic anhydride and pyridine (16 hours, 28°). The 
product (117 mg.) was chromatographed on aluminum oxide. Elution 
with petroleum ether-benzene mixtures followed by crystallization from 
ether-pentane gave 35 mg. of diacetate melting at 100—-104°, identical with 
the diacetate of Compound B7 (m.p. 102—104°) prepared by Lieberman 
etal. (1). [a]? +74.5° + 2° (c, 0.493 per cent in chloroform). 

The diacetate melting at 100—104° (10.5 mg.) was heated for 50 minutes 
under reflux with 40 mg. of potassium carbonate in 4 ml. of methanol con- 
taining 0.4 ml. of water. The solution was then saturated with COs, 
evaporated to dryness, and the residue dissolved in ethyl acetate and 
water. The organic phase was washed with water, dried over sodium sul- 
fate, and the solvent was evaporated. There remained 8 mg. of residue 
with the same infra-red absorption as Compound B7 (1). 

The crude product from the hydrolysis of the diacetate was oxidized with 
6 mg. of CrO; in 0.6 ml. of acetic acid solution containing 2 per cent water. 
After 16 hours at 26°, 0.1 ml. of methanol was added and the mixture was 
evaporated to dryness. The residue was dissolved in ethyl acetate and 0.02 
N sulfuric acid. The ethyl acetate layer was washed with dilute sulfuric 
acid, 1 N sodium carbonate solution, and water, dried, and the solvent was 
removed. The crystalline residue (7.1 mg.) melted at 234-237° after re- 
crystallization from acetone-ether. It did not depress the melting point 
(235-237°) of allopregnane-3 ,6,20-trione (III) (1) when admixed, and the 
two substances showed identical infra-red absorption spectra. 

38 ,6a-Dihydroxyallopregnane-20-one (I) and Diacetate (II) from 38 ,6a- 
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Dihydroxy-A'*-allopregnene-20-one, Obtained from Chlorogenin—A sample of 
this product prepared by Dr. E. M. Jones' melted on our stage at 201- 
208° and showed ultraviolet absorption with €23) = 8520 (ethanol), infra. 
red maximum at 1670 cm.', but no absorption band between 1706 and 
1710 em. (CS2). Without purification, the product (19 mg.) was acetyl- 
ated with 0.5 ml. of acetic anhydride and 0.5 ml. of pyridine for 45 minutes 
at 70°. After addition of 1 ml. of methanol, the mixture was evaporated 
to a syrup which was dissolved in ether, washed with 1 n hydrochloric acid, 
1 nN sodium carbonate solution, and water, dried, and evaporated. The 
crude acetate (25 mg.) did not crystallize. It was dissolved in 2 ml. of 
acetic acid, 9.5 mg. of PtO.-H.O were added, and the mixture was shaken 
with hydrogen until the uptake ceased (12 minutes). The hydrogen up- 
take was 4.5 ml. (calculated for 4 atoms of hydrogen, 4.92 ml. at 25° and 
735 mm.). Evaporation of the filtered solution gave 26 mg. of a syrup 
which did not crystallize. The syrup was oxidized with 12 mg. of Cro, 
in 0.8 ml. of acetic acid solution containing 2 per cent water. After 16 
hours at 28°, 1 ml. of methanol was added, and the product isolated as 
described above (25 mg.) and chromatographed on 800 mg. of aluminum 
oxide. Elution with petroleum ether-benzene mixtures yielded 15 mg. of 
prisms which, after recrystallization from ether-pentane, melted at 101- 
104°, [a]z’ + 73.2° + 4° (c, 0.247 per cent in chloroform). The melting 
point of the mixture with the diacetate of urinary Compound B7 (1) was 
undepressed, and the infra-red absorption spectra of both compounds were 
identical. 

The diacetate II (4.2 mg.) from the preceding reaction was heated under 
reflux for 50 minutes with 16 mg. of potassium carbonate in 2 ml. of 
methanol containing 0.2 ml. of water. The product (3.1 mg.) was isolated 
as described above and crystallized from acetone-ether; m.p. 206-210°. It 
was, according to the mixed melting point and infra-red absorption spee- 
‘trum, identical with the urinary Compound B7 prepared by Lieberman 
et al. (1). 

38 ,6a-Diacetoxyallopregnane-20-one (II) was also prepared from puri- 
fied 38 ,6a-diacetoxy-A'*-allopregnene-20-one (VI) by hydrogenation of the 
unsaturated bond without reduction of the carbonyl group. 8.5 mg. of 
VI (m.p. 109-115°) were dissolved in 2 ml. of ethyl acetate, added to 18 
mg. of prehydrogenated 5 per cent palladium on barium sulfate catalyst, 
and shaken with hydrogen for 24 hours at 28°. The filtered solution was 
evaporated, and. the residue (9 mg.) was adsorbed on 500 mg. of aluminum 
oxide. Elution with petroleum ether-benzene mixtures gave 4 mg. of 
prisms which, after recrystallization from ether-pentane, melted at 100- 
104° and were identical in all respects, including infra-red spectrum, with 
the diacetate of the compound obtained from urine. 
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Purification of 38 ,6a-Diacetoxy-A!*-allopregnene-20-one (VI)—95 mg. of 
a crude preparation of the degradation product from chlorogenin,' m.p. 
194-217°, were acetylated with 1 ml. of acetic anhydride and 1 ml. of 
pyridine for 16 hours at 26°. The product (116 mg.) was isolated as de- 
scribed above and chromatographed on 4.5 gm. of aluminum oxide. The 
fractions (76 mg.) eluted with petroleum ether-benzene mixtures crystal- 
lized from ether-pentane (40 mg.) as prisms (m.p. 103-113°) which, after 
rechromatography on silica gel and sublimation at 150° (block) in a vacuum 
of about 10-* mm., yielded 22 mg. of prisms, m.p. 109-115°; further puri- 
fication did not result in a preparation with a sharper melting point, al- 
though from the extinction coefficient the sample was pure; [a]? +63.7° 
+ 2° (c, 0.432 per cent in chloroform). 235 = 9510 (ethanol); infra-red 
absorption with maximum at 1670 em.—! (CS.). 


CosH;05. Caleulated, C 72.08, H 8.71; found, C 71.84, H 8.524 


8-Chlorogenin (XI)—M.p. 244-248°,° [a]? —73.3° + 1° (c, 0.525 per 
cent in chloroform). 

8-Chlorogenin Diacetate—12 mg. of 8-chlorogenin,® m.p. 244—-248°, were 
acetylated with 0.5 ml. of acetic anhydride and 0.5 ml. of pyridine (1} hours 
at 50°). The diacetate (13 mg.) separated on rapid cooling from acetone- 
ether or ether-pentane as amorphous material melting at 90-125°. Prisms 
melting at 203—206° were obtained after a few hours from an ether-pentane 
solution. [a]*? —90.8° + 3° (c, 0.369 per cent in chloroform). The infra- 
red absorption was identical with that of an authentic sample.® 

Chlorogenone (XIV)—16.5 mg. of chlorogenin,’ m.p. 275-277°, were oxid- 
ized with 4.3 mg. of chromic acid anhydride (~ 2 equivalents) in 1.5 ml. 
of acetic acid containing 2 per cent water. After 2 hours at 25°, the prod- 
uct (16 mg.) was isolated and crystallized from acetone-ether; 6.2 mg. of 
chlorogenone (XIV) melting at 220-226° were obtained. [a]!* —75.8° 
+ 3° (c, 0.270 per cent in chloroform). 


SUMMARY 


A steroid from the urine of pregnant women was identified as 38 ,6a- 
dihydroxyallopregnane-20-one. A degradation product from chlorogenin, 
to which the above structure was formerly assigned, was shown to be 
38 ,6a-dihydroxy-A'*-allopregnene-20-one. The latter, as the diacetate, 
was converted by catalytic reduction to the diacetate of the urinary steroid. 

* Analysis by Dr. Francine Schwartzkopf, Middle Village, New York. 

5 Kindly provided by Dr. R. E. Marker, Mexico City, Mexico. 

6 The melting point of 8-chlorogenin diacetate is given as 120° in the literature (11). 

’ Kindly provided by Dr. G. Rosenkranz, Syntex, S. A., Mexico City, Mexico. 

§ The melting point of chlorogenone is given as 237° in the literature (11). 
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4 STUDY OF THE NATURE OF GLYCOGEN REGENERATION 
IN THE INTACT ANIMAL* 


By MARJORIE R. STETTEN anp DEWITT STETTEN, Jr. 
(From the Division of Nutrition and Physiology, The Public Health Research 
Institute of The City of New York, Inc., New York, New York) 


(Received for publication, October 5, 1953) 


Earlier studies have been reported on the turnover of tissue glycogen 
in intact animals (1). Turnover rates were estimated from measurements 
of stably bound deuterium appearing in glycogen, while body water was 
maintained enriched with D.O. In order to estimate the turnover rates it 
was assumed that glycogen was metabolically homogeneous, that isotope 
appearing in glycogen was uniformly distributed among glucose residues in 
various portions of the molecule, and that turnover of glycogen was a 
process wherein newly synthesized glycogen molecules replaced preexisting 
molecules. 

An alternative possibility has been entertained that the apparent turn- 
over of glycogen involved in part or in whole replacement of peripherally 
situated glucose residues by glucose of the environment. In such a process 
there would be no replacement of intact glycogen molecules by newly syn- 
thesized glycogen and, indeed, a metabolically completely stable central 
core might coexist with a metabolically highly active peripheral layer of 
glucose residues. This possibility has been given prominence by the estab- 
lishment of a tree-like structure of the branching chain of glycogen by Cori 
and collaborators (2), a structure first proposed by Meyer and Bernfeld 
(3). From studies of the architecture of glycogen and of the enzymes 
associated with its synthesis and degradation, Cori et al. (4, 5) have shown 
that at least two distinct processes are involved both in the formation and 
in the destruction of glycogen. Synthesis involves the phosphorylase- 
catalyzed conjugation of glucosidic residues from glucose-1-phosphate 
into chains with a-1,4’ links, followed at appropriate intervals by trans- 
glucosidation from a-1 ,4’ to a-1,6’ linkage under the influence of a ‘“‘branch- 
ing enzyme” (6). Degradation involves successive phosphorolyses of 
peripheral a-1,4’ linkages, starting at the non-reducing termini until a 
branch point is approached. The hydrolysis of a-1,6’ linkages, catalyzed 
by a “debranching enzyme,” a-1 ,6’-amyloglucosidase, is required if further 
degradation is to ensue. According to this scheme, the action of phos- 

* This investigation was supported in part by a research grant (No. A-324) from 


the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service. 
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phorylase alone suffices to add or subtract peripherally situated glucose 
residues. For a glucose residue to enter an inner tier the action of “‘branch- 
ing enzyme” is required, whereas ‘“‘debranching”’ activity is needed to 
deliver a glucose residue in glycogen from an inner to an outer tier. |p 
view of the dependence upon the relative activities of three participating 
enzymes, it is clearly possible that in some situations replacement of glu- 
cose residues in the peripheral tier may proceed far more rapidly than 
analogous replacement in the inner core. 

This postulated metabolic inhomogeneity of glycogen is not without pree- 
edent in biochemistry. In studies of the regeneration of ovalbumin by 
hen oviduct, Steinberg and Anfinsen have found evidence that representa- 
tives of the same amino acid, variously situated in the protein molecule, 
turned over at different rates (7). Their work depended upon the avail- 
ability of an enzyme which reproducibly cleaved ovalbumin into fragments. 
Similarly, in the present investigation enzymic degradation of glycogen 
samples has been employed to permit study of the nature of glucose re. 
placement in different portions of the glycogen molecule. 

Adult rats have been injected intraperitoneally with uniformly labeled 
glucose-C"™ and sacrificed after various time intervals. Glycogen has been 
isolated from the livers and eviscerated carcasses and, after suitable purifi- 
cation, assayed for C%. Samples of this glycogen were then subjected to 
exhaustive digestion by barley 6-amylase, an enzyme which attacks the 
non-reducing ends, yielding maltose from the unbranched peripheral tier 
and a limit dextrin, stable in 8-amylase, representing the central core of the 
glycogen molecule (8). Maltose, isolated as its phenylosazone, and limit 
dextrin (glycogen, 8-amylase),' isolated as such, were separately analyzed 
for C'. 


EXPERIMENTAL 


Animal Experiments—Adult male white rats of the Sherman strain, 
weighing between 216 and 447 gm., were used. In Experiments D, G, and 
J the rats were maintained on Purina chow pellets, while in all other ex- 
periments, except Experiment A, a previously described synthetic diet (9) 
was fed. Each rat received a solution of 1 mm of uniformly labeled glu- 
cose-C (Nuclear Instrument and Chemical Corporation, Chicago, Illinois) 
per 100 gm. of body weight by intraperitoneal injection at time zero and 
was killed by a blow on the head after an interval of from 3 to 48 hours, 
as indicated in Table I. COs and urine collection, glycogen isolation and 
purification, and analysis of samples for C content were carried out as in 
previous studies (9, 10). 

‘In conformity with the convention used in Cori’s laboratory (5), the source of 


the polysaccharide and the enzyme employed in digestion appear in parentheses 
after “limit dextrin.’ 
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In Experiment A the rat used was fasted for a period of 24 hours before 
administration of radioactive glucose. This experiment was performed at 
the same time as Experiment B for which all conditions, other than the 
state of nutrition, were essentially identical. 

B-Amylase Degradation of Glycogen—Barley B-amylase (Mann Research 
Laboratories, Inc., New York) was used for enzymatic splitting of the 
glycogen samples into maltose and limit dextrin (glycogen, 8-amylase), 
To get optimal and rapid degradation without complications due to the 
formation of associated, enzyme-resistant particles, a very dilute alkaline 
solution of glycogen was added slowly with stirring to a concentrated solu. 
tion of the enzyme in acetic acid-sodium acetate buffer at pH 4.8 (11, 12), 
For example, a solution of 180 mg. of anhydrous glycogen in 50 ml. of H.0 


Degradation of rat liver glycogen 
60+ by £- amylase 
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Fig. 1. Time-course of the digestion of glycogen by B-amylase. The per cent of 
glycogen degraded to maltose is plotted as a function of time. 


_containing a drop of concentrated NaOH was added dropwise over a period 

of about one-half hour to a stirred solution of 200 mg. of 8-amylase powder 
in 50 ml. of buffer of pH 4.8 maintained at 35°. Incubation was continued 
for 24 hours and aliquots were taken at intervals for analysis. Maltose 
was determined by the nitrosalicylic acid method as described by Meyer 
and Gibbons (13). The results obtained in a trial digestion are plotted in 
Fig. 1. The reaction was virtually complete after 2 hours. With different 
samples of glycogen it was found that between 45 and 51 per cent of rat 
liver glycogen and between 42 and 46 per cent of rat carcass glycogen were 
split off as maltose by this method, in good agreement with the conversion 
limit of 47 per cent maltose found for glycogen by Meyer and Fuld (8). 
A sample of limit dextrin (glycogen, 8-amylase), isolated after this treat- 
ment, was retreated with 8-amylase in the same way and no further mal- 
tose was split off. Thus the preparation of B-amylase used was free of 
a-amylase and glucosidase activity. 
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With each purified sample of radioactive glycogen, 6-amylase degrada- 
tion was allowed to proceed for 5 hours, after which time an aliquot of the 
solution was analyzed for maltose. Limit dextrin was precipitated from 
the remaining solution by the addition of sufficient ethanol to give a final 
concentration of about 60 per cent alcohol. The limit dextrin was purified 
by successive reprecipitations with ethanol, once from 5 per cent trichloro- 
acetic acid and at least twice from water. In a number of cases the mother 
liquor from the limit dextrin isolation was evaporated to a small volume 
and maltose isolated as its phenylosazone (14). Maltosazone samples were 
purified by recrystallization from boiling water prior to analysis. The spe- 
cific activity data obtained for the various samples are given in Table I. 
In all cases in which maltosazone was isolated good agreement was ob- 
served between the specific activity of the isolated maltose and the value 
calculated for maltose from the per cent of glycogen degraded by 8-amylase 
and the specific activities of the corresponding glycogen and limit dextrin. 
Therefore, in a few cases, as indicated in Tables II and IIT, maltose was 
not isolated, but its specific activity was calculated. 


DISCUSSION 


To permit direct comparisons of the several experiments, all specific ac- 
tivities have been recalculated on the basis of 100,000 c.p.m. per milliatom 
of carbon in the glucose injected. The analytical data procured from liver 
glycogen samples (Table II) reveal that between 45 and 51 per cent of this 
material is digested to maltose by the action of barley B-amylase. In all 
experiments lasting 6 hours or less, the specific activity of the glucose resi- 
dues in the peripheral chains was higher than that in the limit dextrin 
(glycogen, 8-amylase). By the 12th hour this relationship is reversed, 
higher specific activities being found in the limit dextrin than in the periph- 
eral glucose residues. Of the total counts per minute in glycogen, the 
fraction occurring in the peripheral tier, initially high, decreases with time, 
while the fraction in the limit dextrin increases. When these values are 
plotted (Fig. 2), the two curves are seen to intersect before the 12th hour. 

Following the parenteral injection of glucose-C™, the specific activity of 
circulating glucose falls rapidly. In the experiments of Feller et al. (15) 
the half life of blood glucose in the rat was found to be of the order of 1 
hour. If the peripherally situated glucosidic residues of glycogen are 
assumed to be derived in large part from blood glucose, it follows, from 
the product-precursor relationships derived by Zilversmit et al. (16), that 
after a period of time the abundance of isotope in the periphery of glycogen 
will exceed that in glucose of the blood. Similarly, if the glucosidic resi- 
dues of the limit dextrin are pictured as products derived, incident to 
“branching,” from the outer tier, the specific activity of the limit dextrin 
would be expected ultimately to exceed that of the periphery. The find- 
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ings in the present experiments are in accord with the hypothesis that the 
glucose residues located centrally in the liver glycogen molecule are derived 
from those of the periphery incident to ‘‘branching enzyme” activity (6), 


TaB.e II 
Distribution of Radioactivity in Liver Glycogen 

Samples of glycogen, obtained from the livers of rats killed at various time inter. 
vals after injection of a single dose of glucose-C', have been degraded by exhaustive 
treatment with 8-amylase. The quantity of maltose liberated (periphery) has been 
measured and the quantity of residual limit dextrin caleulated from this. The 
specific activity of each fraction has been determined. All values for specific actiy. 
ities given are expressed relative to 100,000 c.p.m. per milliatom of C in the glu. 
cose-C"* injected. 


Glycogen | Periphery Limit dextrin | Per cent of total c.p.m. in 
Experi- . earn . _. ee gg 
el es Specific | on” ws Specific | Per cent Specific _—" —— 
activity glycogen | activity eee activity | (ab) + (cd) x (ab) + (ed) xX 
(a) (0) (c) (d) vee a 
hrs. ‘maton cpm. per swtilsaton 
a” 3 33 , 500 45.5 36 ,600 54.5 31,600 | 49.2 50.8 
B 3 366 | 45.0 651 | 55.0 131 | 80.2 | 19.8 
C | 6 | 2,480| 50.0 | 3,620 | 50.0 | 1,200! 74.2 | 25.8 
D 6 57 | 50.5 | 49.5 
E 6 28 | 47.0 53.0 
G 6 100 | 48.0 129¢ | 52.0 74 | 61.4 38.6 
G 6 109 | 46.0 146¢ | 54.0 77 61.9 38.1 
H 12 4,200 | 49.5 3,860 50.5 4,250 47.1 52.9 
I 24 940 | 50.0 790 50.0 984 44.6 55.4 
J 24 91 51.0 727 | 49.0 111 40.2 59.8 
K 48 69 50.0 44 50.0 74 37.3 62.7 


* Experiment A, fasted rat; Experiments B to K, fed rats. 

+ These figures for the specific activity in the carbon atoms of the peripheral tiers 
were obtained by calculation from the values obtained for the corresponding total 
glycogens and limit dextrins. 


The data secured from carcass glycogen samples are given in Table III. 
Between 42 and 46 per cent of the glucose residues appeared as maltose 
after treatment with B-amylase. In contrast to the situation in liver, the 
specific activity of the peripheral tier of glucose residues in carcass glycogen 
exceeded that of the limit dextrin at all time intervals studied. Even 48 
hours after injection of glucose-C", at which time the blood glucose-C" 
concentration had probably fallen nearly to zero, a significantly higher 
specific activity was noted in the maltose liberated by 6-amylase than in 
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the residual limit dextrin. At all times studied more than 50 per cent of 
the total counts per minute were found in the peripheral tier of glucose 
residues of carcass glycogen, and, when the data are plotted (Fig. 2), the 
curves fail to intersect in 48 hours. 

To account for this contrasting behavior of glycogen in liver and glyco- 
gen in carcass it may be suggested that a portion of the limit dextrin (gly- 
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Fic. 2. Distribution of radioactivity in liver and carcass glycogen between pe- 
riphery and limit dextrin. The total counts per minute in the maltose and in the 
limit dextrin (glycogen, 8-amylase) have been determined in each sample of glycogen 
after exhaustive treatment with B-amylase. 


inertia of part of the central core might result from low activity of branch- 
ing and debranching enzymes in vivo in muscle, as compared with liver. 
This is in accord with the observation of Larner (6) that crude extracts of 
muscle, in contrast to crude liver extracts, contain an excess of phosphory]- 
ase over branching enzyme. The postulated metabolic inertia of an inner 
core of muscle glycogen is of some interest in that it may be the basis for 
the frequently made observation that prolonged fasting, which depletes 
the liver of glycogen, has but little effect upon the abundance of glycogen 
in muscle. 

The most striking finding, both in muscle and in liver, is that glycogen 
is metabolically inhomogeneous. In large part the renewal of glycogen 
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appears not to be a process of turnover wherein | glycogen molecule dig. 
appears and is replaced by another. In muscle and in liver, peripherally 
situated glucose residues are turned over more rapidly than are those sity. 
ated near the reducing end of the glycogen molecule. This peripheral 


TaBLe III 
Distribution of Radioactivity in Carcass Glycogen 

Samples of glycogen, obtained from the carcasses of rats killed at various time 
intervals after injection of a single dose of glucose-C', have been degraded by ex. 
haustive treatment with 6-amylase. The quantity of maltose liberated (periphery) 
has been measured and the quantity of residual limit dextrin calculated from this. 
The specific activity of each fraction has been determined. All values for specific 
activities given are expressed relative to 100,000 c.p.m. per milliatom of C in the 
glucose-C" injected. 





Glycogen Periphery Limit dextrin Per cent of total c.p.m. in 
Experi- oe — ae ee 
ment | Tim Specific | Percent | specific | Percent | Specific | 
activity dime activity pe. activity ab) + (cd) (ab) + (cd) x 
oe a " - 100 100 
| hrs. | mito acipim. Ber milliciom 
A* | 3 | 3870 | 41.5 | 5190 | 58.5 | 2580 | 58.8 41.2 
B 3 369 41.5 469 58.5 206 | 61.8 38.2 
C 6 1890 44.0 2450 56.0 1440 57.2 42.8 
D 6 1600 44.0 2500T 56.0 892 68.7 31.3 
K 6 254 46.0 375t 54.0 151 68.0 32.0 
F 6 | 2000 43.0 3140f 57.0 1120 67.9 32.1 
G 6 3230 43.5 4850¢ | 56.5 1980 | 65.2 34.8 
= | = 1500 45.0 2060 | 55.0 978 | 63.1 36.9 
I | 24 1144 44.5 1520 55.5 | 818 59.8 40.2 
J | 2% | 749 | 44.0 929t | 56.0 605 54.6 45.4 
K 48 639 45.5 750 54.5 567 52.5 47.5 


* Experiment A, fasted rat; Experiments B to K, fed rats. 

+ These figures for the specific activity in the carbon atoms of the peripheral tiers 
were obtained by calculation from the values obtained for the corresponding total 
glycogens and limit dextrins. 


replacement is presumed to result from the phosphorylase-catalyzed reac- 
tion. Replacement of glucose residues centrally located, presumed to be 
a consequence of branching and debranching activity, lags somewhat be- 
hind peripheral replacement in liver and is markedly slower than peripheral 
replacement in muscle. This interpretation renders doubtful the meaning 
of the half lives of glycogen molecules computed earlier (1). Indeed, half 
lives or turnover constants of all molecules, whether large or small, in which 
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yarious residues or atoms are regenerated at different rates are difficult to 
define. Measurement of these quantities is perhaps a valid first approxi- 
mation, but the interpretation is necessarily guarded unless it can be 
demonstrated that all parts of the molecule are simultaneously renewed. 

In this regard it is of interest to compare Experiments A and B, both 
short term experiments, differing only in that Experiment A was conducted 
upon a rat fasted for 24 hours, whereas Experiment B was performed on a 
fedrat. During the period of fasting, the rat of Experiment A presumably 
lost most of its liver glycogen but retained most of its muscle glycogen. 
Consequently, almost all of the glycogen recovered from this liver must 
have been synthesized during the terminal 3 hours. It will be noted (Table 
II) that in the fasted rat, in contrast to the well fed rat, the specific activi- 
ties of the periphery and of the limit dextrin were nearly the same and the 
total counts per minute were evenly distributed between the periphery and 
the limit dextrin of the liver glycogen. No such difference between rats of 
Experiments A and B is to be found in the distribution of isotope in periph- 
ery and in limit dextrin of the careass glycogen (Table III), doubtless a 
result of the fact that fasting has but little effect upon the mechanism of 
renewal of glycogen in muscle. Both liver and carcass glycogen from the 
fasted rat exhibited far higher specific activities than did the corresponding 
materials isolated from the fed rat. This difference is in part attributed 
to the absence of alimentary dilution of glucose-C" in the fasted animal. 

It was expected that the specific activities of the intact glycogen samples 
would bear some reasonable relationship to the duration of the experiment. 
This was, in fact, found in that series of experiments (B, C, H, I, and K) 
carried out in winter and early spring. In additional experiments (D, E, 
F, G, and J) done in the summer months, much less incorporation of iso- 
topic glucose into liver glycogen occurred and glycogen yields tended to be 
low. Interestingly, whereas the specific activities of glycogen samples 
scattered widely, the distributions of isotope between maltose and limit 
dextrin after 6-amylase digestion followed a reasonable progression. This 
suggests that, whereas the factors responsible for the introduction of new 
glucose residues into glycogen are subject to wide excursions, the processes 
which operate to distribute glucose residues within the glycogen molecule 
are relatively constant in their operation. 


SUMMARY 


Radioactive glucose has been injected intraperitoneally into rats and, 
after various time intervals, glycogen has been isolated from liver and 
from carcass. Each glycogen sample was exhaustively digested with A- 
amylase and the distribution of C between the maltose (periphery) and 
the limit dextrin obtained was determined. 
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In the glycogen from liver the peripheral tier initially accounted for the 
bulk of the C“. With the passage of time an increasing fraction of the 
labeled glucose was found in the limit dextrin and by the 12th hour this 
fraction exceeded that in the periphery. 

A contrasting situation was encountered in the glycogen of the carcass 
wherein, even after 48 hours, the major fraction of the labeled glucose was 
found in the peripheral tier. 

3 hours after injection of glucose-C™ into a fasted rat, radioactivity was 
found to be nearly evenly distributed between the periphery and the limit 
dextrin of liver glycogen, whereas the distribution in carcass glycogen was 
little influenced by previous fasting. 

These findings show that glycogen, although yielding only glucose upon 
total hydrolysis, is metabolically inhomogeneous. Glycogen turnover in 
vivo is not merely a replacement of preexisting molecules by newly formed 
glycogen molecules. Glucose residues situated peripherally in the glycogen 
molecule are renewed faster than those more centrally located, and this 
contrast is more striking in muscle than in liver. 

These conclusions are discussed in relation to what is known about the 
mammalian enzymes concerned with glycogen formation and destruction. 
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MOLYBDENUM AND NITRATE REDUCTASE 


I. EFFECT OF MOLYBDENUM DEFICIENCY ON THE 
NEUROSPORA ENZYME* 


By D. J. D. NICHOLAS,+ ALVIN NASON, anv WILLIAM D. McELROY 


(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland) 


(Received for publication, September 8, 1953) 


Numerous investigators have shown that nitrate nitrogen accumulates in 
higher plants (1-3) and fungi (2, 4) which are deficient in molybdenum. 
Other workers have shown that sulfur, zinc, and manganese deficiencies in 
higher plants may also result in a similar phenomenon (5). The free 
amino acids present in molybdenum-deficient plants are usually less than 
those in normal tissues, thus indicating that molybdenum is important for 
the metabolism of nitrogen (2-4). The function of molybdenum in en- 
zyme systems involved in the utilization of nitrogen has not hitherto been 
established. The characterization of nitrate reductase, including evidence 
for the presence of a metal component, and the demonstration that iron, 
manganese, and zine deficiencies actually increased the specific activity of 
the enzyme (6) prompted an investigation of the effect of molybdenum de- 
ficiency on nitrate reductase. This paper elaborates a preliminary report 
(7) in which it was shown that molybdenum is specifically required in the 
nutrient medium for the activity of nitrate reductase in the fungi Neuro- 
spora crassa and Aspergillus niger. 


Materials and Methods 


‘ell-free enzyme extracts were prepared as already described (6). The 
wild type fungus N. crassa (strains 146 and 5297a) was grown in a basal 
medium containing various forms of nitrogen.' The culture solution was 


* Contribution No. 66 of the McCollum-Pratt Institute. This investigation was 
supported in part by research grants (No. 2332) from the National Institutes of 
Health, United States Public Health Service, and from the Office of Naval Research 
and the Atomic Energy Commission. 

+ E. F. Johnson Postdoctoral Fellow, on leave from the Agricultural Research 
Council Unit of Plant Nutrition (Micronutrients), the Long Ashton Research Sta- 
tion of the University of Bristol, England. 

1Tn units per liter for strain 146, sodium ‘artrate 1 gm., KH2PO, 3 gm., MgSO,-- 
7H20 0.5 gm., NaCl 0.1 gm., CaCl. 0.1 gm., sucrose 20 gm., sodium tetraborate 8.8 X 
10-5 gm., (NH,4)¢ Mo7O2,4 6.4 X 10-5 gm., FeCl;-6H2O 9.6 X 10-4 gm., ZnSO,-7H.O 
8.8 X 10-3 gm., CuCl: 2.7 * 10-4 gm., MnCl.-4H2O 7.2 X 10-§ gm. For the nitrate 
medium 5 gm. of NaNO; were used; for the ammonia medium 3.97 gm. of NH,Cl 
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dispensed in 125 ml. quantities in 500 ml. Erlenmeyer flasks, inoculated 
with a spore suspension contained in triple distilled water, and incubated 
for 4 days (unless otherwise stated) in the dark at 28°. The enzyme ex- 
tracts of A. niger (Mulder strain) were prepared in the same way, except 
that the mycelia were grown in a culture solution previously described (4, 
8). The Aspergillus medium was dispensed in 50 ml. amounts in 500 ml, 
Erlenmeyer flasks and grown for 5 days at 25°. The cultures were shaken 
periodically to prevent sporulation. Preliminary experiments showed that 
about 85 per cent of the nitrate reductase activity of the homogenates was 
present in the extracts. 

Removal of Trace Elements from Basal Culture Solution—The copper sul- 
fide precipitation method, used to remove molybdenum from a solution of 
the mineral macronutrients and dextrose (4), was carried out at pH 4.0 for 
the Neurospora media and at pH 2.5 for the Aspergillus culture solution. 
When nitrite was the only nitrogen source, lead acetate proved superior to 
copper sulfate as a coprecipitant of molybdenum. The chemically pure 
grade micronutrients were sufficiently free from molybdenum and were 
added after the purification of the macronutrients. Biotin was contained 
in a 50 per cent mixture of triple distilled water and redistilled ethanol. 

Deficiencies of iron and zine were readily produced by omitting either 
element from the media. A deficiency of copper was obtained by a double 
copper sulfide precipitation at pH 4.0 and manganese deficiency by the 
sodium diethyldithiocarbamate procedure (4, 8). For the molybdenum-, 
copper-, and manganese-deficient cultures special precautions were taken 
to avoid metal contamination which included the use of inverted beakers 
instead of cotton plugs to close the flasks (4). 

Growth Data—The dry weights of the pads were determined by a pro- 
cedure already described (6). The protein content of the enzyme extracts 
was determined by the biuret method (9). 

Determination of Nitrate Reductase—The test procedure consisted of add- 
ing 0.05 ml. of enzyme to a solution containing 0.1 ml. of 0.1 m KNO,, 
0.05 ml. of 10-* m FMN,? 0.02 ml. of 10-* m KCN, 0.04 ml. of 2 x 10° 
mM TPNH, and 0.24 ml. of 0.2 m pyrophosphate buffer, pH 7.0. After 10 





were substituted for NaNO;; for the ammonium nitrate medium 1.33 gm. of NH,NO; 
were substituted for NaNO; and for the nitrite medium only 0.5 gm. of NaNO: was 
used in place of NaNOs, in view of the toxic effects at higher levels. The contents of 
the culture solution for strain 5297a were similar except for the nitrogen source which 
was as follows: 2 gm. of NaNO; or 1 gm. of NH,NO; or 1.33 gm. of NH,Cl, or 0.5 gm. 
of NaNOz. 

2 The following abbreviations are used: TPN and TPNH, unreduced and reduced 
triphosphopyridine nucleotide, respectively; DPN and DPNH, unreduced and re- 
duced diphosphopyridine nucleotide, respectively; FAD, flavin-adenine dinucleo- 
tide; FMN, flavin mononucleotide or riboflavin phosphate. 
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minutes incubation at 25°, 0.9 ml. of water, 0.5 ml. of 1 per cent sulfanil- 
amide reagent, and 0.5 ml. of 0.001 per cent naphthylenediamine reagent 
were added (6). After 10 minutes the test solutions were read on the 
Klett colorimeter with a 540 mu filter. Control tests without TPNH were 
used to correct for the turbidity of the enzyme. 1 unit of nitrate reductase 
is defined as the amount of enzyme required to produce 10~* um of nitrite 
in the above assay. The unit of activity differs from that originally de- 
scribed (6) by the replacement of FAD by FMN and the inclusion of KCN 
as well as an increase in incubation time from 5 to 10 minutes. 

Other Enzymes—Cytochrome oxidase was determined in homogenates of 
Neurospora in a Beckman spectrophotometer according to the chlorophenol 
dye method of Smith and Stotz (10). The assay was made at 37° and the 
changes in optical density at 645 my were measured at 15 second intervals. 
The unit of activity is the change in log /)/J; of 0.001 per minute calculated 
for the change between 15 and 75 seconds. 

Glutathione reductase (11), isocitric dehydrogenase (12), glucose-6-phos- 
phate dehydrogenase (13), glutamic dehydrogenase (14), 6-phosphoglu- 
conic dehydrogenase (15), and triosephosphate dehydrogenase (16) were 
measured in homogenates and cell-free extracts of Neurospora by observing 
the change in optical density at 340 my at 25° at 15 second intervals in a 
Beckman spectrophotometer. The unit of enzyme activity is defined as 
the change in log J/J; of 0.001 per minute calculated from 15 to 75 seconds. 
TPN-linked cytochrome c reductase was measured in the same way at 550 
mu and the units of activity are the same as those above. 

Preliminary results showed that about 80 per cent of the dehydrogenase 
enzymes and glutathione reductase activity of the homogenates were pres- 
ent in the cell-free extracts. The endogenous rates of the cell-free extracts 
were high, making it necessary to dialyze them for 12 hours against 0.9 
per cent KCl at 4°. 10 ml. of the cell-free extract were put in a dialyzing 
sac contained in 2 liters of 0.9 per cent KCl. The activity of the enzymes 
was determined at intervals during the 12 hour dialysis period. 

The following transaminases were also measured in the dialyzed extracts 
by a paper chromatography technique (17). 


(1) Alanine + a-ketoglutarate — glutamic acid + pyruvate 
(2) Aspartic acid + a-ketoglutarate — glutamic acid + oxalacetate 


0.5 ml. of dialyzed enzyme was added to 0.2 ml. of m phosphate buffer, 
pH 8.3, 0.2 ml. of 0.5 m a-ketoglutarate, 0.4 ml. of 0.125 m L-amino acid 
(alanine or aspartic acid), and 50 y of sodium pyridoxal phosphate. After 
incubation for 30 and 60 minutes, respectively, at 37° 0.2 ml. of 100 per 
cent trichloroacetic acid was added to half of the above mixture. The 
solution was well agitated and centrifuged at 3000 r.p.m. for 10 minutes. 
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0.02 ml. aliquots of the supernatant solution were put on a No. 3 Whatman 
paper. The paper was suspended in an ammonia chamber to neutralize 
the acid salts, and, after standing in air for an hour to remove excess am- 
monia, the paper was transferred to a chromatographic chamber and the 
chromatogram run for 12 hours with water saturated with phenol. The 
paper was dried for 10 minutes at 90° and sprayed with ninhydrin. 
Riboflavin—About 5 gm. of mycelia were extracted for 18 hours with 20 
ml. of light petroleum in a Soxhlet apparatus to remove free fats and fatty 
acids. The extract was cooled, 3 ml. of 3 m sodium acetate were added. 
and the pH was adjusted with sodium hydroxide to 4.5. The solution 
was filtered and an aliquot of the filtrate shaken with ethyl ether in a 
separating funnel. The lower aqueous layer was removed and the pH 


TABLE [ 
Effect of Nutrient Deficiencies on Nitrate Reductase in Cell-Free Extracts of N. crassa 
(Wild Type 146) 

Units of enzyme activity per mg. of protein. 





| = 3 | * A 4 *o | rs) rr) 3 3 = 2¢/\ 8 sisis 3 3 
VIOIAZIAZ/AlAlel/RIOLOININ| Alaa | 4 ala 
i+y i yee ty ey its | Pity rte ar yet aye eyed 

ee —|— | — = | . , 
Growth, %....... 100) 16 100) 8 100, 20100)0.7:100 40100) 28/100, 30,100, 29,100) 15 


Nitrate reductase.) 26; 38) 43) 5 | 49) 41! 29) 55 27) 79 25) 39) 30, 34| 53 10 27) 21 


* N and Mg were supplied at one-thirtieth and one-hundredth, respectively, of 
the level in the controls. 


adjusted to 6.8. Suitable aliquots were taken for assay of riboflavin with 
Lactobacillus helveticus (18). 


Results 


Effect of Nutrient Deficiencies on Nitrate Reductase—In Table I are as- 
sembled data on the effect of nutrient deficiencies on nitrate reductase. 
Of the metals tested only a molybdenum deficiency resulted in a significant 
reduction of nitrate reductase. The enzyme increased when calcium, iron, 
copper, or zine was deficient. Biotin, magnesium, or manganese deficien- 
cies did not markedly affect the enzyme. A decrease in enzyme activity 
when nitrogen is deficient may be ascribed to a restricted synthesis of the 
protein moiety of nitrate reductase. This is a non-specific effect which 
affects a range of enzymes (19). 

Molybdenum Deficiency and Nitrogen Source—A summary is given in 
Table II of the effect of molybdenum deficiency on Neurospora and Asper- 
gillus supplied with various forms of nitrogen. 

In Neurospora, molybdenum deficiency resulted in a significant reduction 
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in dry weight and nitrate reductase activity, when nitrate, nitrate and 
ammonia, or nitrite served as the nitrogen source. When ammonia alone 


TaBLe II 
Effect of Molybdenum Deficiency and Nitrogen Source on Nitrate Reductase in Cell-Free 
Extracts of N. crassa and A. niger 


Units of enzyme activity per mg. of protein. 





Fungus Nitrogen source Treatment Per cent growth Nitrate reductase 
Neurospora 146 Nitrate + Mo 100 21 
— 29 5 
Nitrate and am- + *“ 100 17 
monia — 30 10 
| | 
Nitrite eo 100 24 
— * 40 1 
| 
Ammonia + * 100 | 2 
— * 70 0 
Neurospora 5297a| Nitrate an 100 11 
a ce 32 
Nitrate andam-| + “ 100 | 19 
monia — ‘ 24 1 
Nitrite + “ 100 34 
— * 45 11 
Ammonia + * 100 3 
a 65 1 
A. niger Nitrate + * 100 | 39 
a “ce 5 2 
Nitrate and am- * hs 100 42 
monia — *“ 75 20 
Ammonia . ee 100 0 
aT, 80 0 


is supplied, the reduction in weight is not large and the slight enzyme ac- 
tivity in the pads indicates the failure of the enzyme formation when am- 
monia is the only nitrogen source (6). A molybdenum deficiency in A sper- 
gillus, given nitrate only, produced larger deficiencies in dry weights and 
enzyme activity than in Neurospora grown under similar conditions. It 
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appears that Aspergillus can utilize ammonia in the presence of nitrate 
more readily than does Neurospora. The micronutrient is required by 
both organisms even when ammonia is the only form of nitrogen. 

Molybdenum Level and Nitrate Reductase—Graded levels of molybdenum 
were supplied to Neurospora 146 and 5297a, respectively. The relation 
between molybdenum level of the nutrient medium and nitrate reductase 
activity of the mycelia is shown in Table III. 

The nitrate reductase increases with molybdenum content from 0 to 1 
y. The enzyme decreases in both strains at 10 y of molybdenum, pre- 
sumably owing to greater production of protein than enzyme. 


TaB_e III 
Effect of Graded Levels of Molybdenum on Nitrate Reductase Activity in Cell-Free 
Extracts of N. crassa Wild Types (146 and 5297a) 
Units of enzyme activity per mg. of protein. 


Neurospora strain No. Molybdenum* added Per cent growth Nitrate reductase 

146 0 21 24 
0.001 36 46 

0.01 49 118 

1 70 113 

10 100 84 

5297a 0 25 16 
0.001 42 26 

0.01 62 71 

1 80 92 

10 100 71 


* Per 125 ml. of basal solution. 


Restoration of Nitrate Reductase 


Effect of Molybdenum Concentration—In order to determine the optimal 
concentration of molybdenum required to restore nitrate reductase in de- 
ficient mycelia, graded levels of the micronutrient were added aseptically 
to the culture solutions containing molybdenum-deficient Neurospora my- 
celia (146). After a further 12 hour incubation period the pads were har- 
vested and assayed for protein and enzyme activity. The results are re- 
corded in Fig. 1. 

There is a gradual increase in dry weight and protein with increased 
molybdenum level. The enzyme increased rapidly between 0.001 and 0.01 
y of molybdenum and then decreased at higher levels of the element. 
These trends in enzyme activity are not paralleled by similar ones for dry 
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weights and protein content of the fungus. In these and other experi- 
ments 0.01 7 of molybdenum was the optimal level required for maximal 
production of enzyme activity. This is in agreement with the data in 
Table III. 

This effect on nitrate reductase was shown to be specific for molybdenum, 
since the addition of salts of iron, manganese, copper, zinc, boron, vana- 
dium, mercury, tungsten, uranium, either singly or in combination at 1 or 
10 y per 125 ml. of basal culture solution, failed to substitute for molyb- 
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Fic. 1. Effect of adding graded amounts of molybdenum to 125 ml. of culture 
solution of the molybdenum-deficient pads after 4 days growth on the subsequent 
production of nitrate reductase, dry weights, and total protein after a further 12 
hour incubation. 


denum. In addition, preincubation up to 3 hours at 25° of cell-free ex- 
tracts of molybdenum-deficient mycelia with various concentrations of so- 
dium molybdate ranging from 0.1 to 100 X 10-° y per ml. of extract failed 
to restore nitrate reductase. Experiments in which extracts of normal 
mats and those deficient in molybdenum were mixed showed that there 
was neither an inhibitor of the enzyme in the deficient pads nor an acti- 
vator in extracts of the control pads of Neurospora and Aspergillus. 
Time-Course—After 4 days molybdenum-deficient pads were supplied 
with 1 y of molybdenum per 125 ml. of culture solution and duplicate cul- 
tures were harvested every 3 hours, within a 24 hour incubation period. 
The results of this experiment are shown in Fig. 2. After 3 hours nitrate 
reductase activity (expressed as per mg. of protein) increases rapidly until 
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the 9 hour stage and this is followed by a more gradual increase to the 24 
hour period. Nitrate reductase and the dry weights are almost fully re- 
constituted as compared with the complete cultures. 

Other Enzyme Systems—Since nitrate reductase in Neurospora and As- 
pergillus requires TPNH specifically as the electron donor, it was of interest 
to determine whether other enzyme systems which utilize this coenzyme 
were also affected by a molybdenum deficiency. In addition, triosephos- 
phate dehydrogenase-requiring DPN, cytochrome oxidase, and two trans- 
aminase systems were also examined in normal and molybdenum-def- 
cient tissues of Neurospora. The data for three independent experiments 
shown in Table IV indicate that with the exception of glutamic dehydro- 
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Fic. 2. Effect of adding 1 y of molybdenum to 125 ml. of culture solution of the 
molybdenum-deficient pads after 4 days on the subsequent production of nitrate 
reductase and dry weight. 


genase there are no striking differences in the enzymes present in normal 
and molybdenum-deficient mycelia. Glutamic dehydrogenase consistently 
showed a definite decrease in activity in molybdenum-deficient extracts. 

The accompanying transaminases measured by paper chromatography 
(1) Alanine + a-ketoglutarate — glutamic acid + pyruvate 
(2) Aspartic acid + a-ketoglutarate — glutamic acid + oxalacetate 
techniques (17) appeared to be the same in normal and molybdenum-defi- 
cient tissues. 

Riboflavin Assay—Since nitrate reductase has been shown to be a flavo- 
protein with flavin-adenine dinucleotide as the natural prosthetic group, 
assays were made of the riboflavin content of normal and molybdenum- 
deficient tissues of Neurospora. Riboflavin values from deficient tissues 
were usually higher than those from normal ones, viz. an average for six 
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determinations of 0.26 and 0.15 y of riboflavin per mg. of protein for 
molybdenum-deficient and control tissues, respectively. 


TABLE IV 
Effect of Molybdenum Deficiency on Other Enzymes in N. crassa (146) 
Units of enzyme activity per mg. of protein. 


Enzyme Experiment No. | Control Mo-deficient 

Glucose-6-phosphate dehydrogen- 1 480 600 
ase 2 350 410 
3 320 340 

§-Phosphogluconic dehydrogenase 1 110 150 
2 100 130 

3 110 140 

Isocitric dehydrogenase 1 10 10 
2 10 20 

3 10 20 

Glutamic dehydrogenase 1 440 310 
2 220 160 

3 250 180 

Triosephosphate dehydrogenase 1 10 10 


bo 
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— 
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Glutathione reductase 


ss 
Ss 


Cytochrome oxidase* 


z= 
ss 











3 190 240 

TPN-cytochrome reductase 1 5 5 
2 10 10 

3 8 10 


* All enzymes were examined in cell-free extracts other than cytochrome oxidase 
which was determined in the homogenate. 


DISCUSSION 


The specific association of molybdenum deficiency, in contrast to other 
mineral micronutrient deficiencies, with a decrease in nitrate reductase 
activity suggests that it is the metal constituent of the enzyme. It is 
known that metalloenzymes in higher plants decrease when the specific 
metal concerned is deficient in the nutrient medium (20). Nevertheless, 
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molybdenum deficiency may result in decrease in the protein moiety of 
nitrate reductase, as has been suggested for a zine deficiency and alcohol 
dehydrogenase in Neurospora (21). The decrease in nitrate reductase when 
nitrogen is deficient can be accounted for in this way. Other possible 
mechanisms by which a molybdenum deficiency might account for a low 
nitrate reductase were examined. The production of activators or in- 
hibitors was eliminated experimentally. The possibilities that molybde- 
num deficiency resulted in (1) a general decrease in TPN enzymes or in (2) 
a low riboflavin concentration in the mycelia, thus limiting the adaptive 
formation of the enzyme, were also ruled out experimentally. Further 
evidence is presented in Paper II of this series (22) that molybdenum is the 
metal component of nitrate reductase. 

A number of findings strongly suggest that nitrate reductase is the princi- 
pal pathway by which nitrate is reduced to nitrite in the organisms studied: 
(1) nitrate accumulates in fungi and higher plants deficient in molybdenum 
(1-3), (2) the molybdenum requirement of Neurospora and Aspergillus is 
considerably greater when nitrate is the only nitrogen source as compared 
to nitrite or ammonia, and (3) molybdenum deficiency specifically reduces 
the enzyme activity. 

Nevertheless, the fact that molybdenum is required, even when ammonia 
is the only source of nitrogen, indicates that the element is necessary for 
processes other than for the reduction of nitrate. The decrease in glutamic 
dehydrogenase under conditions of molybdenum deficiency may indicate 
another réle for the metal in nitrogen metabolism which is probably an 
indirect one in protein synthesis. 

It is of interest that when ammonia is included with nitrate in the 
nutrient medium the requirement for molybdenum by Aspergillus is mark- 
edly less as compared to the unchanged high requirement by Neurospora. 
Under these conditions Aspergillus produces less nitrate reductase than 
Neurospora, suggesting that the former utilizes ammonia more readily than 
does Neurospora when ammonium nitrate is present in the medium. 

It is of interest to note that there is a linear relation between the molyb- 
denum supplied to the basal medium and nitrate reductase activity of Neu- 
rospora (Table III). At low levels of molybdenum, e.g. 1 X 10-° y, the 
enzyme activity provides a more sensitive assay procedure for the micro- 
nutrient than do the dry weight yields of the pads. 


SUMMARY 


Cell-free extracts of molybdenum-deficient Neurospora crassa and A sper- 
gillus niger showed a striking decrease in nitrate reductase, resulting in an 
enzyme level ranging from one-tenth to one-thirtieth of the controls. In 
Neurospora individual deficiencies of other micronutrient elements did not 
result in a decrease in the enzyme, but nitrogen deficiency, presumably 
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YY of | owing to its effect on protein synthesis, reduced enzyme activity. Molyb- 
‘ohol f denum is required by the two fungi when nitrate or ammonium nitrate, 


vhen nitrite, or ammonia is the source of nitrogen. When ammonia serves as 
sible the sole source of nitrogen, nitrate reductase is not formed and the molyb- 
_ low denum requirement is less. The element is therefore also required for 
r In. metabolic processes other than the reduction of nitrate, perhaps in the 
bde- formation of glutamic dehydrogenase, which is decreased in molybdenum- 
1 (2) deficient mycelia. . 
)tive Nitrate reductase increased with graded application of molybdenum to 4 
ther | the nutrient medium, providing a sensitive assay for the microelement. tw 
3 the Restoration experiments showed that the full recovery of nitrate reductase m: 

took 12 hours and was specific for molybdenum. The enzyme was not . 
inci- restored by adding the trace metal to cell-free extracts of molybdenum- mT 
lied: deficient: tissues. be 
num Other enzyme systems including glucose-6-phosphate, 6-phosphogluconic ~ 
us is acid, isocitric, triosephosphate, and glutamic dehydrogenases, glutathione 
ared reductase, cytochrome oxidase, TPN-cytochrome reductase, and two trans- 
uces aminases were not depressed in molybdenum-deficient tissues of Neurospora 

as compared with normal ones. The riboflavin content was higher in 
onla molybdenum-deficient pads as compared with the controls. , 
’ for 4 
mie BIBLIOGRAPHY 
cate 1. Virtanen, A. I., and Rautenen, N., in Sumner, J. B., and Myrbick, K., The en- 
r an zymes, New York, 2, pt. 2 (1952). 

2. Nicholas, D. J. D., J. Sc. Food and Agr., 1, 339 (1950). 
the 3. Hewitt, E. J., Ann. Rev. Plant Physiol., 2, 25 (1951). 

4. Nicholas, D. J. D., Analyst, 77, 629 (1952). 
ark. 5. Wood, J. G., Ann. Rev. Plant Physiol., 4, 1 (1953). 
ord. 6. Nason, A., and Evans, H. J., J. Biol. Chem., 202, 655 (1953). 
han 7. Nicholas, D. J. D., Nason, A., and McElroy, W. D., Nature, 172, 34 (1953). 
han 8. Nicholas, D. J. D., and Fielding, A. H., J. Hort. Sc., 26, 2, 125 (1951). 

9. Robinson, H. W., and Hogden, C. G., J. Biol. Chem., 185, 727 (1940). 

10. Smith, F. G., and Stotz, E., J. Biol. Chem., 179, 891 (1949). 
lyb- 11. Conn, E. E., and Vennesland, B., J. Biol. Chem., 192, 17 (1951). 
J eu- 12. Graffin, L., and Ochoa, S8., Biochim. et biophys. acta, 4, 205 (1950). 


the 13. Kornberg, A., J. Biol. Chem., 182, 805 (1950). 
14. Olson, J. A., and Anfinsen, C. B., J. Biol. Chem., 197, 67 (1952). 


we 15. Horecker, B. L., and Smyrniotis, P. Z., J. Biol. Chem., 198, 371 (1951). 

16. Cori, G. T., Slein, M. W., and Cori, C. F., J. Biol. Chem., 178, 605 (1948). 

17. Feldman, L. I., and Gunsalus, I. C., J. Biol. Chem., 187, 821 (1950). 

18. Barton-Wright, E. C., The microbiological assay of the vitamin B complex and 
per- amino acids, London (1952). 
, an 19. Nason, A., Kaplan, N. O., and Oldewurtel, H. A., J. Biol. Chem., 201, 435 (1953). 

te 20. Nason, A., Oldewurtel, H. A., and Propst, L. M., Arch. Biochem. and Biophys., 
38, 1 (1952). 

not 21. Nason, A., Kaplan, N. O., and Colowick, 8. P., J. Biol. Chem., 188, 397 (1951). 
bly 22. Nicholas, D. J. D., and Nason, A., J. Biol. Chem., 207, 353 (1954). 








Yiim 











In 
medit 
Neur 
deter 


enzy! 
moly! 
cTASSt 


N. 
conta 
grow’ 
previ 
whicl 
solut: 

Re 
solut 
sulfid 
juste 
distil 
Was | 

Mi 
were 
redis 
Care 
HN( 
ml. ¢ 


r¢ 


suppc 
Healt 

TI 
Coun 
tion « 





e2e sac 


MOLYBDENUM AND NITRATE REDUCTASE 
Il. MOLYBDENUM AS A CONSTITUENT OF NITRATE REDUCTASE* 


By D. J. D. NICHOLAS anp ALVIN NASON 


(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland) 


(Received for publication, September 8, 1953) 


In the preceding paper (1) it was shown that molybdenum in the nutrient 
medium is specifically required for the enzymatic reduction of nitrate by 
Neurospora crassa and Aspergillus niger. It was, therefore, of interest to 
determine whether the micronutrient affected the protein moiety of the 
enzyme or whether it is a component of nitrate reductase. In this paper 
molybdenum is identified as the metal component of the enzyme in N. 
crassa. 


Materials and Methods 


N. crassa (wild type 146) was grown as described in a culture solution 
containing sodium nitrate as the sole source of nitrogen (2). After 4 days 
growth at 28° in the dark, cell-free extracts were prepared as described 
previously (2) with the exception that 0.1 mM phosphate buffer, pH 7.5, 
which had been freed from molybdenum, was used as the homogenizing 
solution. 

Removal of Molybdenum from Reagents—The element was removed from 
solutions of KH»2PO,, NasP20;, and (NH4).SO, at pH 3.0 by the copper 
sulfide coprecipitation method (3). The solutions were subsequently ad- 
justed to pH 7.5 with ammonium hydroxide prepared by saturating triple 
distilled water with chemically pure ammonia gas. Redistilled nitric acid 
was used for the digestion of the enzyme fractions. 

Molybdenum Assay—Cell-free extracts and ammonium sulfate fractions 
were prepared for molybdenum assay by digesting suitable aliquots with 
redistilled HNO; in 100 ml. Pyrex glass beakers covered with watch glasses. 
Care was taken to insure that the protein was thoroughly digested with 
HNO; and that the acid was completely removed before adding about 10 
ml. of triple distilled water. After boiling for 15 minutes, molybdenum 


* Contribution No. 67 of the McCollum-Pratt Institute. This investigation was 
supported in part by a research grant (No. 2332) from the National Institutes of 
Health, United States Public Health Service. 

TE. F. Johnson Postdoctoral Fellow, on leave from the Agricultural Research 
Council Unit of Plant Nutrition (Micronutrients), the Long Ashton Research Sta- 
tion of the University of Bristol, England. 
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was determined in suitable aliquots of the cooled and diluted digests by the 
A. niger assay (3). 
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Fic. 1. Relation between molybdenum content and specific activity of nitrate re- 
ductase. 


Nitrate Reductase—The assay of the enzyme and the unit of activity have 
been described in the preceding paper (1). Protein was determined by the 
Folin method of Lowry et al. (4). 


Results 


Molybdenum Content of Nitrate Reductase—The enzyme in cell-free ex- 
tracts of Neurospora was fractionated with a saturated solution of am- 
monium sulfate (molybdenum-free) adjusted to pH 7.0 with ammonium 
hydroxide. The enzyme activity and molybdenum and protein content of 
various ammonium sulfate fractions prepared as described earlier (1) were 
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determined in cell-free extracts. The relation between the specific activity 
of nitrate reductase and the molybdenum content per mg. of protein frac- 
tion is given in Fig. 1. The data represent the results of two independent 
experiments. It is clear that, when the specific activity of the enzyme 
increases, the molybdenum content per mg. of protein also increases. The 
highest activity occurs in the 24 to 40 per cent (NH,).SO, fraction (2) 
which has the greatest molybdenum content. 

Dialysis of Nitrate Reductase—In order to overcome the rapid inactiva- 
tion by dialyzing membranes of nitrate reductase (2), a number of experi- 
ments involving pretreatment of the sacs were carried out. Dialysis of a 


TABLE I 
Effect of Various Reagents in Stabilizing Nitrate Reductase upon Dialysis 
Unit of enzyme activity per 0.05 ml. of enzyme. 


Dialysis time 
Sac pretreatment and dialyzing solutions* 


0 hr. 1 hr. 2 hrs. | 6 hrs. | 12 hrs. 


1. No dialysis, enzyme stored at 4°, pH 7........| 22 16 13 13 8 
2. Untreated sacf. . P een er 0 0 0 0 
3. 0.2 m phosphate, pH 7 Pianta intecule 22 8 0 0 0 
| ted BS Sage ee ap as 22 4 0 0 0 
5. (8) + (4), equal volumes... DA4, 9. Rt, ye 22 6 0 0 0 
6. 0.2 mM phosphate + 10-* m glutathione.... 22 22 22 22 17 
7. 0.2 “ i + 10-* “ cysteine-HCl, pH 7.| 22 12 7 2 0 
8. Sac soaked in (6), then dialyzed in (3)....... 22 17 12 10 8 
ee 7 ae. oe . aco 22 22 18 17 13 


Assay conducted as described under ‘‘Materials and methods.”’ 

* Membranes bathed for 12 hours in solutions listed and 5 ml. of enzyme subse- 
quently dialyzed against 1 liter of the same solution unless otherwise stated. 

t Dialyzed against 0.1 m phosphate, pH 7. 


2 per cent solution of egg albumen for 12 hours in a cellophane dialyzing sac 
permitted effective use of the membrane for the subsequent dialysis of the 
40 to 50 per cent (NH,).SO, fraction of nitrate reductase overnight at 4° 
against a phosphate buffer, pH 7.0. Only 50 per cent of the enzyme ac- 
tivity was lost during that period as compared with 95 per cent inactivation 
of the enzyme within a few minutes when exposed to untreated membranes. 

Table I summarizes the results of further experiments on the dialysis of 
nitrate reductase. Pretreating the dialyzing sac by soaking overnight with 
phosphate or potassium chloride or both permitted dialysis of the enzyme 
for about 1 hour as compared with a few minutes when no treatment was 
given. The most striking effect in stabilizing the enzyme was a soaking 
pretreatment and subsequent dialysis in glutathione. An equimolar solu- 
tion of cysteine is not as effective as glutathione. Subsequent experiments 
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showed that 5 X 10~* M cysteine was equivalent to 1 X 10-* m glutathione 
in stabilizing the enzyme during dialysis. Pretreatment of the sac with 
glutathione followed by dialysis against cysteine was better than a dialysis 
against phosphate alone. 

Effect of Cyanide and Thiocyanate Dialysis on Enzyme- Preliminary ex. 
periments showed that 10~* m KCN was required to inactivate approxi- 
mately 75 per cent of the enzyme. Aliquots of the 40 to 50 per cent 
ammonium sulfate fraction of nitrate reductase were dialyzed against phos- 
phate, glutathione, and potassium cyanide solutions after the dialyzing 


TABLE II 
Dialysis of Nitrate Reductase against Cyanide and Thiocyanate 
Unit of enzyme activity per 0.05 ml. of enzyme. 


Dialysis time 
Treatment and dialyzing solutions* 


0 hr. 1 hr Shrs. | 10 hrs. | 15 hrs. | 25 hrs 


1. Undialyzed.......... 


eee ee 21 16 13 12 8 
2. 0.2 m phosphate + 10-% m glutathione, 


a ee mere. ee ae 23 22 14 14 17 17 
3. Same as (2), + 10-3 m cyanide. 7 5 4 4 3 2 
4. ‘* (3), but enzyme redialyzed 

against (2) at 10 hrs. ‘ Prasat 8 8 
5. Same as (3), but with 10-2 m cyanide. . 2 1 ef .A 0 0 
6. ‘* ** (5), then redialyzed against (2) 

at 10 hrs. : 4 5 
7. Same as (2) + 10-? m thiocyanate 13 8 8 6 , t= 
8. ‘“ * (7), then redialyzed against (2) 

at 10 brs...... an ; 10 | 9 


Assay conducted as described under ‘‘Materials and methods.”’ 
* Membranes bathed for 12 hours in solutions listed and 5 ml. of enzyme subse- 
‘quently dialyzed against 1 liter of the same solution unless otherwise stated. 


sacs had been pretreated by soaking for 12 hours at 4° with various com- 
binations of these solutions. When cyanide was used, it was also added to 
the enzyme, as well as to the dialyzing solution which was made up of 0.1 
mM phosphate (pH 7.0), 10-* m glutathione, and 10-* or 10-2 m potassium 
cyanide. After 10 hours of dialysis the cyanide-dialyzed enzymes were 
transferred to the other pretreated membranes and redialyzed against phos- 
phate and glutathione solutions in order to remove cyanide and any pos- 
sible metallocyanide complexes. Data for these and the thiocyanate ex- 
periments are presented in Table II. 

The undialyzed enzyme which was kept at 4° falls to about a third of its 
original activity in 25 hours, whereas the enzyme dialyzed against phos- 
phate and glutathione declines to only two-thirds of the original value. 
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Subsequent experiments showed that the presence of glutathione at 10-* 
u considerably enhanced stability of the enzyme at 4°. Cyanide at 10-3 
or 10- m inhibits the enzyme 70 and 90 per cent, respectively, but portions 
transferred at the 10 hour stage to pretreated sacs and redialyzed against 
phosphate and glutathione showed an approximate 75 to a 100 per cent 
recovery within 5 days. The thiocyanate dialysis experiments showed 
similar trends. 

The enzyme was not reactivated, however, when it was dialyzed at the 
10 hour stage against a phosphate buffer and glutathione solution which 
had been freed from molybdenum. 


TaBLe IIT 
Enzyme Activity and Molybdenum Content of Dialyzed Nitrate Reductase 
Unit of enzyme activity per 0.05 ml. of enzyme. 


Dialysis time 
Treatment and dialyzing solutions* 


Ohr. | 3 brs. | 6 hrs. | 9 hrs. | 12 hrs. 


1. 0.2m phosphate + 10~* m glutathione | Enzyme, 19 | 17 15 | 15 14 





Mot 13 |13 |14 |13 | 13 
2. Same as (1) + 107? Mm cyanide Enzyme 4 » 12 | 1 1 
| Mo | 15 | 0.5) 0.5/| 0.2) 0.5 
3. ‘ * (2), butafter3hrs.dialyzed | Enzyme) 4 | 3 | 5 | 9 11 
against (1) Mo 15 0.5} 1 | 5 8 
4, Same as (3), but with Mo-free solu- | Enzyme) 4 | 3 | 1 1 0 
tions Mo 15 | 0.5) 0 


-2/ 0.2] 0.2 


Assay conducted as described under ‘‘Materials and methods.”’ 

* Membranes bathed for 12 hours in solutions listed and 5 ml. of enzyme subse- 
quently dialyzed against 1 liter of the same solution unless otherwise stated. 

t Molybdenum as micrograms X 10~‘. 


Cyanide Dialysis and Molybdenum Content of Enzyme—Table III shows 
the relation between the molybdenum content and the activity of the 
enzyme when dialyzed against various combinations of phosphate glu- 
tathione and cyanide. 

The nitrate reductase dialyzed against phosphate and glutathione falls 
gradually with time from 19 to 14 units, whereas the molybdenum content 
remains relatively the same. When cyanide at 10-* m was added, the 
enzyme was immediately inactivated to about a fifth of the original value, 
but the molybdenum content of the enzyme at this stage was similar to 
that of the untreated one. After a 3 hour dialysis against cyanide, how- 
ever, the molybdenum content fell to a thirtieth of that of the enzyme 
dialyzed against phosphate and glutathione only. Aliquots of the cyanide- 
treated enzyme transferred at the 3 hour stage into pretreated dialyzing 
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sacs contained in a glutathione and phosphate buffer showed an increased 
activity and molybdenum content after a further period of dialysis. Pre. 
sumably the recovery in activity can be attributed to a molybdenum 
impurity in the phosphate and glutathione reagents. Assay for the mi- 
cronutrient confirmed that phosphate contained molybdenum and that 


glutathione was relatively free from the element. When the same ex. 


TaBLe IV 
Effect of Metals on Reactivation of Cyanide-Dialyzed Nitrate Reductase 
Unit of enzyme activity per 0.05 ml. of enzyme. 


Treatment 1 Treatment 2 Treatment 3 Treatment 4 


Dialyzed for 6 hrs. 

against 0.1 u Same as Treatment 

phansate + 10-§ wm | 2 + 10-3 m cyanide | 
glutathione* 


Same as Treatment 
3, then redialyzed 
for 6 hrs. as in 
Treatment 2 


| 
Experiment No. | 
| Undialyzed enzyme 


| 
| | 





ee i oes iene al 
I 18 14 4 4 
II 15 11 3 4 
Metals Added after Treatment 4+ 
$$ seein ; a 
Experi- | | 
—_ MoO; NazMoO, | FeCl; FeSO, ZnSO4 MnSO, NiCk 
No. | | 
AMS, Soe ee, A, Z ie Be _ 
ger SS ao 4 , fs 
II aa oP 4 3 . soe 
| AgCl | Naw, NazCr20; NasVOx | VO2(NOs)2 CoSO. NasBoQx 
r |-—— Lemna |. -—____ — —|-——_-— 
ee oe em ee Dad os wll coal eles Aca, 
ll 3 a oa 3 4 or 


Enzyme assay as described under ‘‘Materials and methods.”’ 
* Reagents freed from molybdenum. 


Tt 1 y of each metal added to 0.05 ml. of enzyme incubated for 10 minutes at 25° 
before assay. 


periment was performed with redialysis against molybdenum-free phos- 
phate and glutathione, there was no recovery of nitrate reductase. 

Reactivation of Dialyzed Nitrate Reductase—A 40 to 50 per cent am- 
monium sulfate fraction of nitrate reductase was dialyzed for 6 hours at 
4° against 10~* m glutathione, 10-' m phosphate buffer, and 10-* m cyanide. 
An aliquot of the enzyme was then transferred to another pretreated sac 
and dialyzed for 6 hours against molybdenum-free glutathione and phos- 
phate. At this stage individual salts of various metals were added to the 
enzyme and preincubated at 25° for 10 minutes before testing the activity. 
The data are given in Table IV. 
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There is no recovery of the enzyme activity after dialysis in molybde- 
num-free phosphate and glutathione subsequent to cyanide dialysis. The 
addition of molybdenum trioxide or sodium molybdate reactivates the 
enzyme to 85 per cent of the original value. Preincubation with other 
trace metals, including iron, zinc, manganese, nickel, cobalt, mercury, 
tungsten, uranium, vanadium, and boron, respectively, each at 1 y of 
metal per 0.05 ml. of enzyme, did not restore the activity of nitrate reduc- 
tase. 


DISCUSSION 


The following lines of evidence have been used to establish that molyb- 
denum is the metal constituent of nitrate reductase in Neurospora: (1) 
increased enzyme activity in various protein fractions was accompanied by 
increased molybdenum content; (2) dialysis of the enzyme against cyanide 
resulted in a deactivation of nitrate reductase and a corresponding reduc- 
tion in the micronutrient element; (3) the dialyzed enzyme, free from 
eyanide, was specifically reactivated by molybdenum salts; and (4), of all 
the micronutrient element deficiencies, only molybdenum deficiency re- 
sulted in a decreased nitrate reductase activity (1). In contrast, it has 
been reported that iron is the metal component of the nitrate reductase in 
Escherichia coli (5). 

It is of interest that the removal of molybdenum from the nutrient 
medium results in a decrease in nitrate reductase which is quite different 
from the loss of activity brought about by the removal of molybdenum 
from the intact enzyme, for example, by cyanide dialysis. In the latter 
case the inactivated enzyme can be restored almost completely by adding 
the metal back to the protein, whereas in the case of molybdenum defi- 
ciency the addition of the metal to the cell-free extract is ineffective. Ap- 
parently molybdenum is necessary for the adaptive formation of nitrate 
reductase by Neurospora during growth, presumably for the synthesis of 
the protein moiety of the enzyme. 

In addition to nitrate reductase, two other flavin enzymes appear to be 
associated with metals. Xanthine oxidase in liver tissues has been shown 
to be associated with molybdenum (6, 7), and butyryl CoA dehydrogenase 
has been shown to contain copper (8). 

The mechanism by which molybdenum, flavin, and —SH groups func- 
tion in nitrate reductase is not known. They may function directly in the 
oxidation-reduction reaction or as binding or positioning agents for re- 
duced triphosphopyridine nucleotide or nitrate. 

A feature of interest is the successful pretreatment of dialyzing mem- 
branes in order to stabilize the enzyme during subsequent dialysis. The 
mechanism is probably the protection of the —SH groups on the enzyme 
from oxidation by the membrane. 
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SUMMARY 


Molybdenum is identified as the metal constituent of nitrate reductase. 
The data presented show that the trace metal increases with the specific 
activity of the enzyme. Ammonium sulfate fractions of nitrate reductase 
can be dialyzed in membranes which have been pretreated for 12 hours in 
glutathione-phosphate solutions. Reactivation of the enzyme, which had 
been dialyzed against cyanide and subsequently against phosphate and 
glutathione to remove excess cyanide and metallocyanide complexes, was 
accomplished by molybdenum trioxide or sodium molybdate. Other mi- 
cronutrients, including iron, copper, zinc, manganese, cobalt, nickel, tung- 
sten, vanadium, uranium, and boron, respectively, were without effect on 
the dialyzed enzyme. 
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THE DISTRIBUTION OF FUMARASE ACTIVITY IN 
MOUSE LIVER HOMOGENATES 


By EDWARD L. KUFF 


(From the National Cancer Institute, National Institutes of Health, 
Bethesda, Maryland) 


(Received for publication, September 28, 1953) 


Previous studies (1-3) have demonstrated that the mitochondrial frac- 
tion of several mammalian tissues can utilize fumarate as a substrate for 
oxidation. While these findings presumably indicate that at least a por- 
tion of the fumarase activity of the cells in question is associated with the 
mitochondria, a complete investigation of the intracellular distribution of 
this enzyme has not been reported hitherto. 

This paper presents the results of experiments designed to determine the 
distribution of fumarase activity in mouse liver homogenates fractionated 
by differential centrifugation. A major portion of the total activity was 
found in the mitochondrial fraction. Data are also reported relating to 
the physical state of this enzyme within the mitochondrion and to the pos- 
sibility of distributional artifacts arising from adsorption of enzyme by the 
particulate components of the cell. 


EXPERIMENTAL 


Fractionation of Homogenates in 0.25 M Sucrose—Livers of female C3H 
strain 3 months of age (killed by cervical dislocation) were perfused in 
situ with ice-cold 0.145 m sodium chloride followed by cold 0.25 m sucrose, 
then forced through a perforated stainless steel disk, and thereafter ho- 
mogenized in 0.25 m sucrose (4). Centrifugal fractionation of the homo- 
genates into nuclear (Nw), mitochondrial (Mw:), submicroscopic particu- 
late (P), and supernatant (S,) fractions was carried out as described 
previously (5). Disruption of mitochondria suspended in 0.25 m sucrose 
was achieved by exposure of the suspension to sonic vibrations for 30 
minutes at 0° in the 9 kc. Raytheon type R-22-3 oscillator (6). After such 
exposure, the suspensions (Mw,.S) always contained a small number of in- 
tact mitochondria, which were removed by centrifugation at 24,000 x g 
for 10 minutes (Sd,). The particulate fragments (Sd) and the soluble 
fraction (S2) of the disrupted mitochondria were then separated by centri- 
fugation at 110,000 x g for 1 hour in the SW-39 horizontal rotor of the 
Spinco model E ultracentrifuge (6). 

Fractionation of Homogenates in Calcium-Sucrose Mixtures—The nuclear 
fraction was isolated as previously described (7) from filtered homogenates 
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prepared in 0.0018 m calcium chloride-0.25 m sucrose. In the further frae- 
tionation of these homogenates, both the mitochondria and the submicro- 
scopic particles were included in a particulate fraction separated from the 
final supernatant fluid by centrifugation at 110,000 x g for 1 hour. 

Analytical Methods—Fumarase activity was determined spectrophoto- 
metrically at 25° and pH 7.4 (8), with L-malate (Eastman Kodak Com- 
pany) as substrate. The reaction rate was zero order over a 5 minute 
period and linearly proportional to enzyme concentration, provided that 
the enzyme was exposed to distilled water for a period of 3 to 5 minutes 
before buffer and substrate were added. An extinction coefficient for fu- 
maric acid of 2.11 X 10° sq. em. per mole (9) was used in calculating the 
rates on a molar basis. Total nitrogen was determined colorimetrically 
after acid digestion (10). 

All values reported in Tables I to IV are for 100 mg. of perfused liver or 
an equivalent amount of each fraction. 


Results 


Distribution of Fumarase Activity in Fraction Obtained in 0.25 m Sucrose— 
As shown in Table I, approximately 55 per cent of the total fumarase ac- 
tivity of the homogenate was recovered in the mitochondrial fraction, 
about 9 per cent each in the nuclear and soluble fractions, and the remain- 
der in the submicroscopic particulate fraction. Only the mitochondrial 
fraction contained an enzyme concentration greater than that in the ho- 
mogenate. 

Distribution of Fumarase Activity within Mitochondrion—Previous studies 
(cf. (11)) have demonstrated that several enzymes associated primarily 
with mitochondria are released into solution upon disruption of the par- 
ticles. A similar investigation of the distribution of fumarase activity in 
preparations of disrupted mitochondria is reported in Table II. Exposure 
of intact mitochondria to sonic vibrations resulted in a 25 per cent decrease 
in the fumarase activity. Of the remaining activity, 74 per cent was ina 
soluble state, and only 19 per cent was associated with particulate frag- 
ments having a specific activity one-half that of the disrupted mitochon- 
dria (Mw,S). 

Adsorption of Fumarase Activity by Mitochondria and Submicroscopic Par- 
ticles—The finding that a significant portion of the fumarase activity of 
the homogenate was associated with submicroscopic particulate material 
showing a relatively low specific activity (Table IT) suggested that adsorp- 
tion of the enzyme on these particles might have occurred during prepara- 
tion of the homogenate. Since the soluble fraction of the disrupted mito- 
chondria (Table IT) provided a source of soluble fumarase, adsorption 
experiments similar to those reported previously (12) were carried out. 
The results are shown in Table III. Both types of particle lost a small 
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proportion of their total nitrogen on exposure to the soluble fraction. The 
mitochondria adsorbed essentially no fumarase activity. The submicro- 
scopic particles, however, adsorbed 45 per cent of the activity of the soluble 
fraction and showed an almost 2-fold increase in specific activity. These 
results are compatible with the possibility that some or all of the fumarase 


TABLE I 
Distribution of Fumarase Activity in Fractions Obtained from C3H Mouse Liver 
Homogenates in 0.25 m Sucrose 


Fumarase activity 


| 
Liver fraction Total nitrogen | . 
| Total } Fraction of 





homogenate Specific 
mg. uM per hr. per cent amt lay per 
Homogenate 2.62 | 612 | (100) | 234 
Nw... meee 0.397 57.1 9.3 144 
Mws.. ; 0.714 334 54.6 468 
ee to ; 0.804 166 27.1 206 
ae : ; 0.950 55.8 9.1 58.8 
TABLE II 


Fumarase Activity of Isolated C3H Mouse Liver Mitochondria Subjected to 
Disintegration by Sonic Vibrations 








Fumarase activity 

Liver fraction Total nitrogen ‘ e 
Total | — of Specific 
mg. | pm perhr. | per cent P= oe i per 
Mwe.... 0.734 358 | | 488 
Mw:8. . 0.717 258 (100) 360 
Sd... 0.060 } 21.7 8.4 362 
Sde. 0.264 49.3 19.1 187 
aoe 0.415 


191 74.1 461 


activity associated with the submicroscopic particles of Table I may have 
represented enzyme present originally in a soluble state within the cell or 
released in soluble form from other cellular structures when the cells were 
disrupted. The data lessen the probability that the association of fumar- 
ase activity with the mitochondria was the result of adsorption. 

Fumarase Activity of Nuclear Fraction—Less than 4 per cent of the total 
fumarase activity was recovered in the nuclear fraction isolated in calcium 
chloride-sucrose solution and only slightly contaminated with mitochondria 
and intact liver cells (Table IV). Some of this remaining activity may 
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have been associated with erythrocytes (13) which escaped perfusion and 
were included in the nuclear fraction. 


TaBLeE III 
Adsorption of Fumarase Activity by Mitochondria and Submicroscopic Particles from 
Soluble Fraction (S2) of C83H Mouse Liver Mitochondria 
Mixtures of the soluble fraction of disrupted mitochondria with an equal volume 
of a suspension of mitochondria or of submicroscopic particles were prepared. The 
mitochondria were recovered from the mixture by centrifugation at 24,000 x g for 


10 minutes, and the submicroscopic particles by centrifugation at 110,000 X g for1 
hour. 


Fumarase activity 
Liver fraction Total nitrogen 


Total Amount re- 


moved from S2 Specific 


mg. uM per hr. per cent wad —e per 
MN Trees BY eh aot olarak kas 0.620 330 532 
Za 0.716 138 193 
S2 0.334 190 569 
Mw:A* 0.536 338 4.2 630 
EE ee eae eee 0.373 189 0.5 506 
PAt 0.649 223 44.7 344 
S.B§ 0.390 104 45.6 267 


* Mitochondria recovered from mixture of Mwe + So. 

t Supernatant fluid recovered from mixture of Mw. + So. 

{ Submicroscopic particles recovered from mixture of P + So. 
§ Supernatant fluid recovered from mixture of P + S». 


TABLE IV 


Distribution of Fumarase Activity in Fractions Obtained from C3H Mouse Liver 
Homogenates Prepared in Calcium Chloride-Sucrose Solution 


Fumarase activity 


Liver fraction Total nitrogen ” 


Total —— = Specific 
mg. uM per hr. per cent aand —* per 
Pe, S.A 2.66 609 (100) | 229 
Nuclear fraction............. “ 0.262 23.5 3.9 | 89.7 
Particulate fraction. ...... aia 1.51 550 90.4 364 


Supernatant fluid........... : 1.07 40.5 6.7 37.9 


DISCUSSION 
The fumarase activity of mouse liver appears to be associated mainly 
with the mitochondrial fraction. It is at present impossible to draw any 


conclusion as to whether the bulk of the extramitochondrial fumarase exists 
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in the intact cell as a soluble enzyme or is attached to the submicroscopic 
particles. It would appear unlikely that the association of fumarase ac- 
tivity with the isolated mitochondria is the result of adsorption. The 
possibility exists, but cannot be verified experimentally, that an even larger 
proportion of the fumarase activity was associated with the mitochondria 
in the intact cell, but was extracted from the mitochondria during the 
cell fractionation procedure. 

The present findings are in apparent contrast to those in yeast (14) in 
which, after disruption and fractionation of the cells in 0.1 m phosphate 
buffer of pH 7.3, 90 per cent of the fumarase activity failed to sediment 
upon centrifugation at 31,000 X gfor 1 hour. Only 10 per cent of the total 
activity was associated with the particulate fraction obtained by this cen- 
trifugation and said to correspond, probably, to the mitochondria and mi- 
crosomes. 


SUMMARY 


A study is reported of the distribution of fumarase activity among the 
fractions obtained by differential centrifugation from mouse liver homo- 
genates. A major portion of the enzyme activity was recovered in the 
mitochondrial fraction. When the mitochondrial membranes were dis- 
rupted by exposure to sonic oscillations, most of the activity was released 
into solution. Nuclei exhibited little fumarase activity. Submicroscopic 
particles were capable of adsorbing large amounts of soluble fumarase 
activity, and therefore the probable intracellular localization of the extra- 
mitochondrial activity could not be ascertained. In homogenates, less 
than 10 per cent of the activity was in soluble form. 
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THE REUTILIZATION OF NUCLEIC ACID CATABOLITES* 


By JOSEPH DANCIS{ anp M. EARL BALIS 


(From the Laboratories of the Sloan-Kettering Institute for Cancer Research, New York, 
New York) 


(Received for publication, August 28, 1953) 


The pathways of nucleic acid synthesis from small precursors have been 
the subject of intensive study (1). There is, however, little information as 
to whether naturally produced catabolites of tissue nucleic acids may be 
reutilized for nucleic acid synthesis. The purpose of the present study 
has been to investigate the possibility of reutilization of catabolites con- 
taining the purine moiety. 

It was considered that if tissue in which the nucleic acids had not been 
labeled were connected by a common blood supply to tissue with labeled 
nucleic acids, the appearance of labeled material in the former would indi- 
cate utilization of catabolites from the latter. Three experimental situ- 
ations were selected in which this approach to the problem was employed. 
(1) A pregnant rat was injected with adenine-8-C™ during the first half 
of gestation. The nucleic acid purines of the litter were assayed for radio- 
activity at the end of gestation. (2) Tumor tissue was implanted in mice, 
the nucleic acids of which had been labeled. 1 week later, the nucleic 
acids of the tumor were studied for the presence of radioactive carbon. 
(3) A common circulation was established by a celioanastomosis (para- 
biosis) between a rat with labeled nucleic acids and one in which the nu- 
cleic acids had not been labeled. 

The evidence obtained indicates that the nucleic acid catabolites are not 
significantly reutilized. 


EXPERIMENTAL 


Materials—Adenine-8-C™ was prepared by the method of Clark and 
Kalckar (2). The specific activity was 68,500 c.p.m. per um. The adenine 
was injected as the hydrochloride. 

Method—The host animals received five injections daily of radioactive 
adenine in amounts approximating 0.2 mm per kilo of body weight per 
day intraperitoneally. This efficiently labels the purine bases of the nu- 


* This investigation was supported by grants from the National Cancer Institute, 
National Institutes of Health, United States Public Health Service, and the Atomic 
Energy Commission, contract No. AT(30-1)-910. 

t Fellow of the National Foundation for Infantile Paralysis. Present address, 
Department of Pediatrics, New York University College of Medicine, New York. 
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cleic acids (3). The animals were fed ad libitum on Purina chow and were 
maintained in cages in a constant temperature room. 

Pregnancy Experiment—A Sherman strain female (Rockland Farms) rat, 
weighing 250 gm., was mated while in estrus by placing her in a cage with 
a male rat for 36 hours. From the 5th to 9th day after separation, the 
female received a daily injéction of labeled adenine. On the 21st day, 
which was the estimated date of normal delivery, the mother was anes- 
thetized with ether and a litter of thirteen delivered by cesarean section, 
The mother was sacrificed and the liver and small intestines removed for 
analysis. 

Tumor Experiment—Six Swiss albino male (Rockland Farms) mice, 
weighing 18 to 20 gm. each, were injected with adenine-C™ as described 
above. 2 days after the last injection, mouse sarcoma 180 was implanted 
into the subcutaneous tissue.! By means of a trocar 5 to 6 mg. of tissue 
were implanted (4). 7 days after the implantation, the animals were anes- 
thetized with ether and sacrificed by opening the thoracic cage. The tu- 
mor tissue, liver and small intestines were excised for analysis. The tu- 
mor tissue was well encapsulated and was removed with ease. A small 
amount of fluid found in the center of some of the tumors was released 
before they were weighed. 

Parabiosis Experiment—Two Sherman strain male (Rockland Farms) 
rats, weighing 75 gm. each, were injected with labeled adenine as described 
above. 2 days after the last injection, a celioanastomosis (5) was per- 
formed between each injected rat and an uninjected litter mate (anesthesia, 
3 mg. per 100 gm. of Nembutal supplemented as necessary by ether). 
Radioactivity was present in the urine of the untreated rats 48 and 72 
hours after operation, which demonstrated that a cross-circulation had 
been established. One pair was sacrificed 96 hours after operation and the 
second pair on the 7th day. 

The various tissues which were to be analyzed were frozen on dry ice 
and homogenized, first with cold 5 per cent trichloroacetic acid and then 
with alcohol. The residues were washed with alcohol and ether. The 
nucleic acids were extracted with sodium chloride (6)? and the deoxyribo- 
nucleic acid (DNA) and pentose nucleic acid (PNA) separated with alkali 
(7).2 After acid hydrolysis the mixed purines of both the DNA and PNA 
were isolated as silver salts. The purines were regenerated from the silver 
salts and the adenine and guanine were separated by paper chromatog- 
raphy (8, 9). The isopropanol-hydrochloric acid solvent system described 
by Wyatt (10) was used. A number of the individual purines were also 


1 We are indebted to Dr. Kanematsu Sugiura for carrying out the implantations. 
* Modifications of these methods were developed by Dr. Paul M. Roll and will be 
described. 
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rechromatographed with n-butanol-diethylene glycol-water as the solvent 
in an ammonia atmosphere (11). 

The trichloroacetic acid extracts were made 1 n to hydrochloric acid and 
heated 1 hour at 100°. Silver purines were precipitated and purified in 
the same manner as were the nucleic acid purines. Only the adenine was 
assayed. 

The purines were eluted from the paper and the amounts and purity 
determined with the Beckman spectrophotometer, model DU. For deter- 
mination of the radioactivity they were plated on planchets as infinitely 
thin films (12). The activities were measured by means of an internal 
Geiger-Miiller flow counter (Tracerlab, model SE-16, helium-isobutane 
gas). The samples were counted a sufficient length of time to give a stand- 
ard error of less than 5 per cent in the animal originally labeled and less 
than 25 per cent (13) in the tumor, fetuses, or second animal of the para- 
biotic pair except as noted. 

RESULTS AND DISCUSSION 

The results are presented in Tables I, II, and III. The radioactivity is 
expressed as the relative specific activity.* 

In the pregnancy experiment (Table I) the combined weight of the 
thirteen fetuses was 51.4 gm., containing 48 um of purine bases. The 
radioactivity determined in the PNA adenine of the litter analyzed as a 
whole is 0.6 per cent of that in the maternal liver PNA adenine. The 
radioactivity in the adenine from the acid-soluble fraction from the litter 
is less than 0.1 per cent of that in the adenine of the acid-soluble fraction 
from the mother. 

A litter was sacrificed on the 13th day of gestation in order to determine 
whether the rate of growth of the fetus in the Sherman strain rat used in 
this experiment is the same as that reported for other rats (14). The 
average weight of each embryo was 46 mg., indicating that the fetus in- 
creases over 100-fold in weight during the last 9 days of gestation. 

The radioactivity in the PNA adenine of the mouse tumor (Table IT) 
was 0.8 per cent of that in the mouse liver PNA. The adenine in the acid- 
soluble fraction of the tumor was significantly higher, being 10 per cent of 
that in the livers of the mice. The combined weight of the tumors was 6 
gm. 

In the parabiotic rats (Table III) the radioactivity in the nucleic acids 
of the uninjected rats was also low. The specific activity of the adenine 
of the total nucleic acids of the liver of the uninjected rat in the pair sacri- 
ficed 4 days after anastomosis was only 0.2 per cent of that in the liver of 


* Relative specific activity = (counts per minute per micromole of isolated ma- 
terial) X 100/(counts per minute per micromole of administered material). 
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the injected rat. The ratio in the acid-soluble adenine of the uninjected 
to the injected rat was 4 per cent. In the pair sacrificed 7 days after op. 
eration, this ratio in the PNA adenine of the livers was 0.3 per cent and 
in the acid-soluble adenines it was 4 per cent. 


TABLE I 
Incorporation of Nucleic Acid Catabolites into Rat Litter 


The relative specific activity (see foot-note 3) in the nucleic acids of the maternal 
viscera and in the litter on the 21st day of gestation. The mother had been injected 
with radioactive adenine from the 5th to 9th day of gestation. 





Mother 
: Litter 
Liver intestine 
Acid-soluble adenine 2.9 1.4 <0.004 
PNA adenine. J Apts eee 4.9 0.69 | 0.03 
ne 5 andi cetommaiatents | 2.4 0.51 0.03 
US i so Gash dc Ne Grails ot 1.0 0.67 | 0.03 
cig: a 1.3 0.34 | <0.004 
TaBLe II 


Incorporation into Mouse Tumor Nucleic Acids 
The relative specific activity (see foot-note 3) in the nucleic acids of the six mice 
and of their tumors 1 week after tumor implantation. 2 days prior to implantation, 
the mice received the last of five daily injections of labeled adenine. 





Mouse 
a Tumor 
Liver Small intestine 
Acid- soluble adenine............. 1.2 0.34 0.12 
be PO eee Rate 2.6 0.37 0.02 
NL 230). ast iro. 0.82 0.12 0.01 
DNA adenine......... didi 0.34 0.03 


guanine...... (eee eee 0.02 





The catabolites of the nucleic acids in the injected animals may be con- 
sidered as labeled precursors for the nucleic acids in the previously unla- 
beled tissue: the rat fetuses, the mouse tumors, and the uninjected rats of 
the parabiotic pairs. To interpret the data on the incorporation of ra- 
dioactivity into the previously unlabeled tissue, one must first consider 
several factors: (1) the rate of “turnover’’ of nucleic acids in the tissue; 
(2) the size of the precursor pool; (3) the efficiency with which the precur- 
sor is used. The last, in turn, depends on whether other precursors are 
also used for the synthesis of the product measured and whether the pre- 
cursor under study may be involved in other metabolic fates. 
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From the 12th to the 21st day of gestation rat embryos increase 100- 
fold in weight. This rapid rate of synthesis favors the extensive incorpora- 
tion of a suitable precursor. It is not known whether adenine passes freely 
through the placenta. If it does, it is quite possible that the nucleic acids 
of the embryos were labeled as effectively as that of the mother during the 
period of injection. However, the active growth of the embryos during 
the latter half of gestation would reduce by at least 100-fold the radioac- 
tivity in the nucleic acids resulting from such direct labeling. 


Tase III 
Activity of Nucleic Acids in Parabiotic Rats 
The relative specific activity (see foot-note 3) in the nucleic acids of parabiotic 
rats. One of each pair had received injections of labeled adenine prior to operation. 





Injected | Not injected 
} ~ i ta 
7” Small : Small 
Liver intestine Liver | intestine 


Sacrificed 4 days after operation 


0.07 | 0.02 





Acid-soluble adenine pene 1.7 | 1.0 

PNA adenine....... ....| 3.7% | 0.69 | 0.007 | 0.01 
“ guanine | 2.2% | 0.43 | oO | 0.01 

SINS isis sive bias owed ohn | 0.44 | | 0.007 
IN, pice cick < vncage Sip tankers | 0.15 mt. 

Sacrificed 7 days after operation 

Acid-soluble adenine................| 0.48 | 0.64 | 0.02 | 0.01 

PNA adenine........ eee ee 0.01 | 0.007 
 \geanne:....... Rem ret: © | 0.67 | 0.39 0.01 | 0.007 

DNA adenine. ... itanausameetoa | 0.45 | 0.33 | 0.007 | 0.007 
“ guanine... . 0.16 | 0.08 | 








* Total nucleic acids. 


The size of the precursor pool (in this case the nucleic acid catabolites 
of the mother) and its specific activity can at best be only roughly esti- 
mated. When adenine was administered at a high level for 3 days (3), 
the specific activity of the mixed nucleic acids was 13.7 per cent. This 
indicates that after 24 hours about 5 per cent of the PNA adenine had been 
derived from the administered material. (This is probably a minimal fig- 
ure, because adenine is not the sole precursor of the purines (15, 16).) It 
follows that during the last 9 days of gestation about 45 per cent of the 
nucleic acids of the mixed viscera of the mother would be exchanged. This 
figure is not decreased by pregnancy (17). Since the mixed viscera of a 
250 gm. rat (liver, small intestine, kidneys, pancreas, brain) contain ap- 
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proximately 300 um each of adenine and guanine,‘ this would result in ap 
exchange of 135 um of each base. The litter contained a total of 48 um of 
purine bases at the end of the experiment, most of which must have been 
synthesized during the last 9 days of gestation. In a 250 gm. rat, the 
liver may be expected to contain approximately 180 um of adenine.‘ Dur. 
ing the 9 days under consideration, somewhat over 50 per cent of the liver 
PNA adenine is exchanged, and hence approximately 90 um of adenine is 
replaced in the liver during the same period that the mother has replaced 
a total of 135 um of adenine in the mixed viscera and the embryos have 
synthesized 24 um of adenine. The amount of adenine broken down by 
the litter during this period is probably small and is ignored in these cal- 
culations. This means that the adenine breakdown products from the liver 
could have supplied about 60 per cent of the adenine moiety incorporated 
into the nucleic acids of the mother and her litter,> or about 30 per cent of 
the combined purine bases. And thus, theoretically, the available amount 
of precursor material could not have been a limiting factor. 

The specific activity of the nucleic acid catabolites is difficult to estimate. 
A minimal value for the total activity may be determined if-it is assumed 
that all of the radioactivity found in the nucleic acid catabolites was de- 
rived from the liver. This is not an unreasonable approach to a minimal 
figure. A large proportion of the nucleic acid catabolites is probably de- 
rived from the liver because of its large nucleic acid content and its meta- 
bolic activity. Any nucleic acid catabolites derived from the other ma- 
ternal viscera will also contain radioactivity and will increase the activity 
of the pool. However, the relative specific activity of the PNA in the 
fetuses at the end of the experiment is only 0.6 per cent of that in the ma- 
ternal liver PNA. This indicates that, at most, less than 1 per cent of the 
purine bases of the fetus is derived from the nucleic acid catabolites of the 
mother. 

It may be questioned whether even this small amount of radioactivity 
was derived from nucleic acid catabolites, since some of the injected ade- 
nine or the highly labeled acid-soluble fraction may have passed through 
the placenta and served as a precursor. 

Although we may conclude that the fetus in utero does not derive any 
large quantity of its nucleic acids from the mother or from the catabolites 
of the maternal nucleic acids, we cannot be sure that it is the result of the 
inability to utilize these materials because we do not know whether they 
pass freely through the placenta. Injection of P® into the mother has 
resulted in labeling of the nucleic acids in the fetus (18). However, this 


4 Dr. Aaron Bendich, unpublished observations. 


i 90 um maternal liver adenine catabolized 


35 uM maternal adenine + 24 um fetal adenine synthesized 
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may be a result of transfer of inorganic phosphorus through the placenta 
rather than of more complex materials containing the purine moiety. 

In the tumor implants, we have essentially the same experimental situa- 
tion as in the pregnant rat, except that we may assume that any circulating 
materials in the host would also circulate continuously in the tumor. This 
should permit maximal incorporation of circulating precursors. And, yet, 
there is again only minimal activity in the tumor nucleic acids. 

The experimental situation is much simpler to analyze in the parabiotic 
rat. With two animals of the same size and metabolic activity, joined by 
acommon circulation, the specific activity in the nucleic acid purines should 
in time tend to approach each other if the catabolites were effectively re- 
utilized. A cross-circulation is already established 48 hours after a celio- 
anastomosis and is functioning efficiently in 72 hours (19). If a dye is 
injected into one animal, the blood levels in both animals will be the same 
in 6 hours. In our parabiotic pairs, radioactivity could be demonstrated 
in the urine of the unlabeled rats 48 hours postoperatively. At the ter- 
mination of the experiment, the circulation had been established for 2 
days in one pair and 5 days in the other. Once again there was no evidence 
of significant reutilization of nucleic acid fragments. 

The only significant transfer of radioactivity into the unlabeled tissue 
was into the acid-soluble fraction of the tumor and the parabiotic rats. 
However, the differences in specific activity of the acid-soluble adenine in 
these tissues, as well as in the liver and small intestines,* indicate that 
the fraction as a whole is not diffusible. Since the acid-soluble fraction is a 
mixture of different substances and more than one of these contains ade- 
nine (22), the specific activity that was determined is the result of several 
adenines with different specific activities (23). The possibility remains 
that only some particular component of the acid-soluble fraction is freely 
diffusible. 


SUMMARY 


In the present study we have investigated the possibility that catabolites 
from nucleic acids containing the purine moiety may be reincorporated 


6 The data on the small intestines add little to the principal issue of the reutiliza- 
tion of nucleic acid catabolites. Biological studies have indicated that the life span 
of the cells of the intestinal mucosa is about 48 hours (20), suggesting that the radio- 
activity found in the small intestines at the end of the experiment was largely in the 
nucleic acids of the muscle wall and therefore relatively inactive metabolically. The 
activity in the nucleic acids of the intestinal mucosa would have disappeared in the 
early days of the experiment. Other studies (21) indicate that the relative renewal 
of the nucleic acids of the intestine, as measured by isotopes, is not appreciably 
different from the life span of the cell. This would not be so if the catabolites were 
efficiently reused, and thus supports the conclusion that nucleic acid fragments are 
not significantly reutilized. 
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into nucleic acids. Three experimental situations were selected (the preg. 
nant rat, tumor-bearing mice, and parabiotic rats) in which an animal with 
previously labeled nucleic acids was connected by a common circulation 
to tissue in which the nucleic acids were not labeled. The evidence ob- 
tained from these experiments indicates that any purine moiety which ep- 
ters the blood stream as a result of nucleic acid catabolism is not reutilized 
for nucleic acid synthesis to any great extent. 


The authors wish to thank Dr. George Bosworth Brown for continued 
interest and advice. 
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THE METABOLISM OF PREGNANE-17a,21-DIOL-3 ,20-DIONE 
AND PREGNANE-17a,21-DIOL-3 ,11,20-TRIONE IN VIVO* 


By FRANK UNGAR, JOHN W. DAVIS, HARRIS ROSENKRANTZ, anp 
RALPH I. DORFMAN 


(From the Worcester Foundation for Experimental Biology, Shrewsbury, and the 
Department of Biochemistry, Boston University School of Medicine, 
Boston, Massachusetts) 


(Received for publication, September 2, 1953) 


During the past few years, studies have been made to determine the 
types of steroids which can be considered to be precursors of the urinary 
17-ketosteroids. The conversion in vivo of the 178-hydroxy group of Cis 
steroids to the corresponding 17-ketones has been reported (1), and evi- 
dence has been presented for the conversion of adrenocortical steroids to 
urinary 17-ketosteroids (2, 3). Following the administration of deute- 
rium-labeled 17a-hydroxyprogesterone, Fukushima et al. (4) detected la- 
beled Cyg steroids. Del Greco, Masson, and Corcoran (5) obtained 
increased 17-ketosteroid excretion in rats after the administration of 
17a-hydroxyprogesterone and 17a-hydroxy-11-desoxycorticosterone. Bur- 
stein, Savard, and Dorfman (6-8) have isolated increased amounts of 
17-ketosteroids from the urine of patients who received cortisone, hydro- 
cortisone, and 21-desoxycortisone. 

Since the steroids previously studied contained the a, 8-unsaturated 
group in ring A, it was of interest to determine whether 17-ketosteroids 
may be formed from dihydro (ring A-saturated, 3-keto) derivatives of C2; 
steroids with the dihydroxyacetone side chain. 

This report is concerned with the isolation of urinary 17-ketosteroids 
following the administration of pregnane-17a ,21-diol-3 ,20-dione (dihydro 
8) to a postmenopausal woman and pregnane-17a,21-diol-3 , 11 ,20-trione 
(dihydro E) to a second postmenopausal woman. Additional aspects of 
the metabolism of dihydro 8, a possible intermediate in the metabolism of 
17a-hydroxy-11-desoxycorticosterone, are presented. 


Methods 


The urine samples for each experiment were combined into (1) a 2 day 
control sample, (2) a composite of the treatment samples, and (3) a 2 day 


* Supported in part by research grant No. G-3247, Division of Research Grants 
and Fellowships, National Institutes of Health, United States Public Health Service, 
by contract No. DA-49-007-184, Medical Research and Development Board, Office 
of the Surgeon General, Department of the Army, and by contract No. AT(30-1)-918, 
United States Atomie Energy Commission. 
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posttreatment sample. The urine samples were adjusted to pH 4.7 with 
0.1 m acetate buffer. The urinary steroid glucuronides were then hydro. 
lyzed by incubation with a 6-glucuronidase preparation at 37° for 4 days, 
Toluene was added as a preservative. Calf spleen powder (Viobin) was 
purified by the method of Cohen (9), the extract of 20 gm. of calf spleen 
powder being used for each liter of the pretreatment and posttreatment 
urines, and 40 gm. equivalent for urine collected during the treatment 
period. The spleen powder contained 8000 Fishman units per gm.! 

After incubation at 37° with glucuronidase, the urine was acidified with 
concentrated hydrochloric acid to pH 1 and allowed to stand at room 
temperature for 24 hours. The urine samples were then extracted three 
times with 0.3 volume of benzene. The combined benzene extracts were 
dried in vacuo, and the residue was taken up in ether. The ether solution 
was extracted with 1 n NaOH, washed with water, dried over Na,S0, 
and taken to dryness to give the neutral extracts of the combined glucu- 
ronidase and pH 1 hydrolyses. 

The urine residues following glucuronidase and hydrolysis at pH 1 were 
then hydrolyzed with 15 per cent concentrated hydrochloric acid by vol- 
ume by the method of Pincus (10), and the neutral extracts prepared. The 
extracts were treated with Girard’s Reagent. T to give the ketonic and non- 
ketonic fractions. These fractions were then analyzed by silica gel chro- 
matography and paper partition chromatography by the methods of Bur- 
ton, Zaffaroni, and Keutmann (11) and Savard et al. (12, 13). 

The isolated steroids were identified by melting point and infra-red anal- 
ysis. The melting points were taken on a Fisher-Johns melting point ap- 
paratus and are uncorrected. The infra-red analyses were carried out with 
a Perkin-Elmer model 12-C infra-red spectrometer. 


EXPERIMENTAL 


Urinary 17-Ketosteroid Excretion Following Administration of Pregnane- 
17a ,21-diol-3 ,20-dione (Dihydro S) 


A 66 year-old woman with rheumatoid arthritis received 800 mg. of 
pregnane-17a ,21-diol-3 ,20-dione orally each day for 3 days. Urine was 
collected for 2 days before treatment, during the treatment period, and for 
2 days after treatment. Toluene was used as a preservative, and the 
urine samples were refrigerated until extracted. 2 hour aliquots from each 
day’s urine sample were extracted by the method of Pincus (10) and the 
17-ketosteroids determined by the Holtorff-Koch procedure (14) (Fig. 1). 


1 We are indebted to Dr. William H. Fishman for this determination. 
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Urinary 17-Ketosteroid Excretion Following Administration of 
Pregnane-17.a ,21-diol-3 ,11 ,20-trione (Dihydro E) 
A 52 year-old female with rheumatoid arthritis received 900 mg. of 
pregnane-17a ,21-diol-3 , 11 ,20-trione orally each day for 5 days. Urine 
was collected for 2 days before treatment, during the treatment period, 
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Fig. 1. Urinary 17-ketosteroid excretion following the administration of dihydro 
Sand dihydro E. A, excretion of urinary 17-ketosteroids, in mg. per 24 hours, fol- 
lowing the oral administration of 800 mg. of dihydro S per day for 3 days to a female 
patient. B, excretion of urinary 17-ketosteroids, in mg. per 24 hours, following the 
oral administration of 900 mg. of dihydro E per day for 5 days to a female patient. 


and for 2 days after treatment was discontinued. 3 hour aliquots were 
removed from each day’s urine sample for 17-ketosteroid determinations 


(Fig. 1). 
Isolation of Metabolites of Dihydro S 


Ketonic Fractions—The ketonic fractions from the treatment period, 
which were derived from the glucuronidase, pH 1, and the hot acid proce- 
dures (124 mg.), were pooled and placed on four strips of filter paper (15 
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em. in width) and developed in the ligroin-propylene glycol system for 20 
hours. The steroid zones were located on the paper by development with 
the Zimmermann reagent on a narrow strip cut along the total length of the 
large bulk chromatograms. Three main zones were seen (Zones I, II, and 
III), the largest (Zone II) extending 7 to 20 cm. from the origin on the bulk 
chromatograms. Zone I remained at the origin and Zone III extended 
21 to 30 cm. from the origin. The various zones indicated were cut out 
and eluted from the paper by exhaustive washings with methanol and 
methylene chloride. The total weight of the recovered fractions was 124 
mg., which gave a Zimmermann value of 68.6 mg. Each of the three zones 
of the four bulk chromatograms was combined and placed on paper strips, 
Following rechromatography for 24 hours in the ligroin-propylene glycol 
system, Zone II was eluted and yielded 29 mg. of crystalline material with 
a melting point of 128—138°, which did not improve upon recrystallization, 
The crystalline material was treated with Girard’s Reagent T, and the 
ketonic fraction upon recrystallization from ether-petroleum ether gave 
7.8 mg. of etiocholane-3a-ol-17-one, m.p. 149-150°. A mixture with an 
authentic sample (m.p. 140, 150—-151°) melted at 149-151°. The acetate 
(m.p. 95-96°) did not depress the melting point of an authentic sample of 
etiocholane-3a-ol-17-one acetate (m.p. 96-97°). The identity of the com- 
pound was confirmed by infra-red analysis. The material from Zone III, 
when rechromatographed on paper and developed for 20 hours with ligroin- 
propylene glycol, showed two main zones (Nos. III-a, III-b) with the Zim- 
mermann reagent. The respective zones were eluted, rechromatographed, 
and eluted again to give 12.4 mg. of etiocholane-3a-ol-17-one (Zone III-a) 
and 1.1 mg. of androsterone (Zone III-b). The latter crystals melted at 
181—182° and did not depress the melting point of an authentic sample of 
androsterone (m.p. 183-184°). Infra-red analysis confirmed the identity 
of the compound as androsterone. 

The material from Zone I, which remained at the origin of the bulk 
chromatograms (29 mg.), was combined and rechromatographed in the 
ligroin-propylene glycol system for 72 hours. Four major zones (Nos. I-a, 
I-b, I-c, I-d) were detected by the Zimmermann reagent. The material 
(4.8 mg.) eluted from Zone I-a, which also gave a deep red color with the 
triphenyltetrazolium chloride reagent, was rechromatographed on paper in 
toluene-propylene glycol for 18 hours. One zone was demonstrated 2 to 
4 em. from the origin with the tetrazolium reagent. The zone was eluted 
from paper and crystallized from ethanol to give 1.5 mg. of crystals melt- 
ing at 195-202°. Infra-red analysis demonstrated the compound to be the 
tetrahydro derivative of Compound §, pregnane-3a, 17a ,21-triol-20-one. 
The other three zones, Nos. I-b, I-c, and I-d, contained too little material 
to permit complete characterization. 
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The ketonic fractions of pretreatment and posttreatment urines were 
analyzed by paper chromatography. The pretreatment urines yielded only 
small quantities of androsterone (0.7 mg.) and etiocholane-3a-ol-17-one 
(0.5 mg.) (Fig. 2). The posttreatment urines yielded 0.8 mg. of androster- 
one and 3.4 mg. of etiocholane-3a-ol-17-one. 
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Androsterone Etiocholane- Pregnane-3A Pregnane-3d, Pregnane-3d, 
3d-ol-one 117A, 2I-triol Mone 20A-diol 174, 2 -triol 
Fig 2. The urinary excretion of steroids following the administration of dihydro 
S. The urinary excretion values of the isolated crystalline steroids are given in 
mg. per 24 hours for (a) the 2 day pretreatment period, (6) the treatment period 
during which 800 mg. of dihydro S were administered orally for 3 days, and (c) the 
2 day posttreatment period. No pregnane-3a,17a,21-triol-20-one was found in the 
urines of the fore and after periods, and no pregnane-3a,17a,20a-triol was found 
in the pretreatment period. 


Non-Ketonic Fraction—The non-ketonic fraction of the treatment urine 
(109.2 mg.) was partly crystalline. Crystallization from methanol yielded 
16.1 mg. of crystals with a melting point of 229-231°, which did not im- 
prove upon recrystallization. A mixture of these crystals with pregnane- 
3a,20a-diol or pregnane-3a,17a,20a-triol did not depress the melting 
points of either of the pure compounds.? The crystals and mother liquors 


*When varying proportions of authentic samples of pregnane-3e,20a-diol and 
pregnane-3a, 17a, 20«-triol were intimately mixed, the melting points of the mixtures 
were not markedly depressed, but varied according to the mixture (2:1, 1:1, 1:2, 1:3) 
and melted at increasing temperatures, with a range between 230-245°. Pregnane- 
3a,20a-diol diacetate (m.p. 163-165°) and pregnane-3a,17a,20«-triol diacetate (m.p. 
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were combined, dissolved in methanol, and placed on paper strips 15 em, 
wide. The paper chromatograms were developed for 72 hours in the tol- 
uene-propylene glycol system. Two zones (A, B) were located by use of 
the antimony trichloride-nitrobenzene reagent (15). The eluate from the 
lower section of the paper-strip (Zone B) and the material which had ryp 
off the paper strip were combined, and after crystallization from methanol 
yielded 8.7 mg. of pregnane-3a,20a-diol, m.p. 234-237°. A mixture of 
these crystals with an authentic sample of pregnane-3a ,20a-diol (m.p. 236- 
238°) melted at 233-237°. The diacetate (m.p. 163-165°) did not depress 
the melting point of an authentic sample of pregnane-3a ,20a-diol diace- 
tate (m.p. 163-165°). 

Zone A was eluted to give 2.4 mg. of pregnane-3a,17a,20a-triol, mp, 
255-257°. A mixture with an authentic sample of pregnane-3a, 17a ,200- 
triol (m.p. 250-252°) melted at 249-253°. A mixture of the diacetate 
(m.p. 147-151°) with an authentic sample of pregnane-3a, 17a ,20c-triol 
diacetate (m.p. 146—149°) melted at 146-149°. The remainder of the non- 
ketonic fraction of the treatment urine was chromatographed on a silica 
gel column. Silica gel, in the ratio of 60 parts to 1 part of dried extract 
by weight, was poured as a slurry made with benzene into glass columns, 
The steroids were eluted by various solvents consisting of benzene, benzene- 
ethyl acetate mixtures, ethyl acetate, and methanol. Elution with ben- 
zene-ethyl acetate 2:1 yielded 2.4 mg. of pregnane-3a ,20a-diol, m.p. 238- 
239°. Further elution with benzene-ethyl acetate 2:1 yielded 7.7 mg. of 
pregnane-3a, 17a ,20a-triol, m.p. 249-255°. The diacetate melted at 147- 
151° and did not depress the melting point of an authentic sample of preg- 
nane-3a ,17a,20a-trioi diacetate (m.p. 146-149°). 

The non-ketonic fraction of the pretreatment urine (29.6 mg.) was chro- 
matographed on a column of silica gel and yielded only one crystalline 
fraction. Elution with benzene-ethyl acetate 2:1 and recrystallization of 
’ the eluate from methanol yielded 2.25 mg. of pregnane-3a ,20a-diol which 
melted at 236-237°. A mixture of the crystals with an authentic sample 
of pregnane-3a ,20a-diol (m.p. 236-238°) melted at 236-238°. The non- 
ketonic fraction of the postexperimental urine was chromatographed on a 
column of silica gel. Elution with benzene-ethyl acetate 2:1 yielded 3.6 
mg. of pregnane-3a,20a-diol (m.p. 235-237°). A mixture with an au- 
thentic sample of pregnane-3a ,20a-diol (m.p. 236-238°) melted at 236- 
237°. Further elution with benzene-ethyl acetate 2:1 yielded 3.18 mg. 
of pregnane-3a,17a,20a-triol which melted at 252-254° and did not de- 
press the melting point of an authentic sample of pregnane-3a, 17a,20a- 
triol (Fig. 2). 





146-149°) showed a marked reduction in melting point (m.p. 130-145°) upon ad- 
mixture. The identities of pregnane-3a,20e-diol and pregnane-3e, 17a, 20c-triol 
were routinely confirmed by infra-red analyses. 
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Isolation of Etiocholane-3a-ol-11 ,17-dione Following Administration of 
Pregnane-17a,21-diol-3 ,11 ,20-trione 

The ketonic 3a-hydroxy fraction (93 mg.) was placed on large paper 
strips, and bulk chromatograms were run for 48 hours in the ligroin-propy- 
lene glycol system. Intense Zimmermann-reacting zones, | to 5 cm. from 
the origin, were eluted, combined (15.3 mg.), and rechromatographed for 
72 hours in the ligroin-propylene glycol system. The Zimmermann-react- 
ing zone, 5 to 19 em. from the origin, was eluted and rechromatographed 
for 72 hours in the ligroin system. Elution and recrystallization from 
methanol yielded 3.7 mg. of crystals, m.p. 178-181°. A mixture with an 
authentic sample of etiocholane-3a-ol-11,17-dione (m.p. 179-182°) melted 
at 178-182°. The acetate melted at 162—164°. The identity of the com- 
pound was confirmed by infra-red analysis. A large portion of the etio- 
cholane-3a-ol-11 ,17-dione (18 mg.), in the form of its acetate, was found 
to be present in the run off solutions. The acetate was presumably formed 
during treatment with Girard’s Reagent T and acetic acid in the previous 
fractionation procedure (16). 


DISCUSSION 


The major metabolite isolated after administration of pregnane-17a ,21- 
diol-3 ,20-dione (dihydro S) was etiocholane-3a-ol-17-one. Since none of 
the administered compound was detected in extracts of the urine, it is 
felt that the Zimmermann value represents Ci, metabolites predominantly. 
The small quantity of tetrahydro S present contributed an insignificant 
amount of color in the total Zimmermann value. The androsterone iso- 
lated is considered to arise from endogenous sources, since no increase in 
excretion was noted during the period of steroid administration. The re- 
mainder of the C,9-ketonic steroids detected by paper chromatography was 
present in quantities too small to isolate and identify conclusively. Owing 
to the nature of the methods employed, only a relatively small amount of 
pure crystalline steroids was isolated (47 mg.) from the crude steroid ex- 
tract (233 mg.) obtained from the urine during the administration of di- 
hydro S. 

In direct analogy to the isolation of etiocholane-3a-ol-17-one just dis- 
cussed, the major metabolite isolated after administration of pregnane- 
17a ,21-diol-3 , 11 ,20-trione (dihydro E) was etiocholane 3a-ol-11 , 17-dione. 
The quantity of 17-ketosteroid excreted diminished in spite of continued 
administration of dihydro E (Fig. 1). This suggests a saturation and an 
inhibition of the enzyme systems involved in 17-ketosteroid formation, 
resulting in the formation of other metabolic products. 

Since a saturated 3-ketosteroid with a dihydroxyacetone side chain, such 
as dihydro S or dihydro E, can form the corresponding 17-ketosteroid in 
vivo, it is suggested that the formation of ring A-saturated 17-ketosteroids 
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from steroids such as 17a-hydroxy-11-desoxycorticosterone and cortisone 
proceeds, at least in part, first by the reduction of the A‘-unsaturated bond, 
followed by cleavage of the side chain. Collateral evidence for this path. 
way has been presented elsewhere (17). 

It is considered probable that the saturation of a A‘ or A> double bond is 
not an easily reversible reaction. In this report, for example, all of the 
metabolites isolated from the urine after administration of pregnane-17a,.- 
21-diol-3 ,20-dione maintained the 58 configuration of the starting material, 
These compounds, which were excreted in increased amounts during the 
treatment period, included etiocholane-3a-ol-17-one, pregnane-3a, 17a,- 
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Fig. 3. The urinary metabolites isolated after administration of dihydro § 


20a-triol, and pregnane-3a , 17a ,21-triol-20-one (Fig. 3). No allopregnane 
compounds were isolated and no increase in androsterone excretion was 
noted during the treatment period. This is in accord with previous stud- 
ies of Cyy and C.; steroids (18), which would indicate that the configuration 
at Cs, once established, is not altered by metabolic pathways in vivo. No 
instances have yet been recorded in the literature of the isomerization in 
vivo or in vitro of a 58 or 5a configuration in the Cis or C2; steroids. This 
is in contrast to the many instances that have been recorded for isomeriza- 
tion of the 3a- or 38-hydroxy configuration both in vivo and in vitro. 
The reduction of the Cx-hydroxy group of pregnane-17a ,21-diol-3 ,20- 
dione has been indicated by the isolation of pregnane-3a,17a,20a-triol. 
This is the first instance of the conversion of a known steroid to this triol 
which is excreted in increased amounts in adrenal hyperplasia. Similar 
reductions to the C2:-methyl group have been reported by the isolation in 
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vivo of pregnane-3a ,20a-diol following the administration of 11-desoxy- 
corticosterone (19, 20), the isolation of 11-ketopregnane-3a ,20a-diol fol- 
lowing the administration of 11-dehydrocorticosterone (21), and the iso- 
lation of pregnane-3a , 17a-diol-11 ,20-dione following the administration of 
cortisone (22). 

Increased amounts of pregnane-3a,20a-diol were isolated in the treat- 
ment and posttreatment urines in the dihydro S experiment. The relation- 
ship of pregnane-3a,20a-diol excretion to dihydro S metabolism is not 
immediately apparent. If such a relationship exists, mechanisms for the 
removal of the 17a-hydroxy group in vivo should be demonstrable. A 
A’ intermediate may be involved with subsequent reduction of the double 
bond, since the observation has been made of the reduction in vivo of the 
A'6 double bond of A'®-progesterone and A®:'®-pregnadiene-38-ol-20-one with 
the isolation of the saturated compound, pregnane-3a ,20a-diol.? Alterna- 
tive explanations cannot be excluded, of course, such as an indirect stimu- 
lation in the production of pregnane-3a ,20a-diol precursors. 

Only a small amount of the tetrahydro derivative of Compound §, preg- 
nane-3a , 17a,21-triol-20-one, was isolated from the urine after administra- 
tion of dihydro S. The procedures employed may not have been ade- 
quate for the optimal extraction and isolation of the more hydrophilic 
steroids from the urine. The possibility also exists that the tetrahydro 
derivative is converted to the 21-desoxy analogue, pregnane-3a , 17a ,20a- 
triol, isolated in this study, and perhaps to the 17-ketosteroid, etiocholane- 
3a-ol-17-one. These pathways form problems for future study. 


The 17-ketosteroid determinations were carried out through the cour- 
tesy of Dr. Betty Rubin. The infra-red analyses were performed by Mr. 
Paul Skogstrom. 


SUMMARY 


1. The major urinary metabolite isolated after the administration of 
pregnane-17a ,21-diol-3 ,20-dione was the Ci) compound, etiocholane-3a-ol- 
17-one. The major urinary metabolite isolated following the administra- 
tion of pregnane-17a ,21-diol-3 ,11,20-trione was the Ciy compound, etio- 
cholane-3a-ol-11 , 17-dione. 

2. Reduction of the Cx-hydroxy group of pregnane-17a ,21-diol-3 ,20- 
dione to a C2;-methyl group was indicated by the isolation of pregnane- 
3a,17a,20e-triol. This is the first demonstration of the conversion of a 
known steroid to this triol which is excreted in increased amounts in adre- 
nal hyperplasia. 


*F. Ungar and R. 1. Dorfman, unpublished data. 
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V. CHRONOLOGICAL SEQUENCE OF BIOCHEMICAL DEFECTS 
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Previous investigations in this laboratory (1-5) have demonstrated sev- 
eral biochemical defects in the vitamin Be-deficient rat. Since these in- 
vestigations were performed at different times and varied in experimental 
detail, direct comparison of results cannot be made on a valid basis. The 
following study was performed to ascertain the relation of the appearance 
of the metabolic disorders to time and to one another. Such a study might 
yield evidence of a primary metabolic disturbance to which other distur- 
bances are secondary. So far as could be ascertained, an investigation of 
this type with regard to vitamin Bg has not been reported previously. 


Methods 


The basal diet employed was the 20 per cent casein, 20 per cent corn 
oil, vitamin Be-free diet previously described (1). 180 albino rats of the 
Wistar strain and of both sexes were maintained in individual, screen- 
bottomed cages with added pyridoxine hydrochloride (50 y per rat per 
day) for a period of 7 days prior to the commencement of experiment. 
Following this 7 day period of saturation with vitamin Bg, the animals were 
divided into eighteen groups of ten rats each, having equal sex distribution 
and an initial average body weight of 142 gm. One group was fasted for 
20 hours and sacrificed as an initial control group. Pyridoxine was with- 
drawn from the diet of eight groups; of the remaining nine control groups, 
four were fed ad libitum and five were pair-fed with those deprived of the 
vitamin. In all cases drinking water was supplied ad libitum. One de- 
ficient, one pair-fed control, and one control group fed ad libitum were 
housed in pairs in metabolism cages for the weekly determination of nitro- 
gen retention. The remaining animals of all groups were housed in indi- 
vidual, screen-bottomed cages. Each week thereafter throughout 8 weeks 
of experimental feeding, one deficient and one control group fed ad libitum 
or pair-fed (as indicated) were sacrificed following a fast of 20 hours. In 


* This study was assisted greatly by a grant from the National Vitamin Founda- 
tion, for which appreciation is expressed. 
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the 8th and final week, one deficient, one control group fed ad libitum anq 
one pair-fed control group were fasted for 20 hours and sacrificed. Sing 
the number of animals which could be sacrificed and analyzed in a day was 
a limiting factor, killings for each week were performed over a 4 day period, 
care being taken that an equal number of animals and of each sex from 
each group were sacrificed on each day. 

In all cases, animals were sacrificed by stunning and decapitation, and 
blood was collected from the neck in individual, heparinized tubes. The 
livers were quickly removed, weighed, and assayed for certain enzyme ae. 
tivities. The carcasses of each group were held in the frozen state until 
all animals of that group were sacrificed. Collections of excreta were made 
during a 4 day period of each week, and urine and feces were pooled sepe- 
rately by groups for nitrogen determination. Toluene was employed as 
the urine preservative. 

On individual blood samples, urea was determined by the method of 
Archibald (6), hemoglobin by the procedure of Collier (7), and ketones by 
the method of Greenberg and Lester (8). On individual liver homoge. 
nates, aspartic-glutamic transaminase was determined by the method of 
Tonhazy et al. (9) and alanine-glutamic transaminase by a modification 
of this method (5). Transaminase activities are expressed as Q,? mi- 
cromoles of pyruvate-CO, formed per hour per mg. of dry weight of tissue. 
The rate of urea formation by liver slices was estimated by the procedure 
of Gornall and Hunter (10) as applied by Caldwell and McHenry (4), 
The rate of urea formation is expressed as Qurea, micromoles of urea 00; 
formed per hour per mg. of dry weight of tissue. Total vitamin B, of 
pooled liver samples was determined by the yeast microbiological method 
of Atkin ef al. (11). The pooled, frozen carcasses were passed through a 
power grinder and homogenized for the determination of total crude fatty 
acids (12), moisture (3), and nitrogen by a standard macro-Kjeldahl pro- 
cedure (the factor 6.25 was used to obtain the protein content). Total 
vitamin Bs was also determined on the pooled carcass tissue. On the 
pooled feces and urine samples nitrogen was determined by a standard 
macro-Kjeldahl procedure. 


RESULTS AND DISCUSSION 


Significant experimental data are shown in Figs. 1 to 6. Since statistical 
significance between means of groups was not attained at any interval, the 
data for blood ketones, hemoglobin, and nitrogen retention are not pre- 
sented but will be mentioned briefly. 

Deprivation of vitamin Bes resulted in decreased body weight gains, 
whereas pair-fed control rats showed a considerable and continuous it- 
crease in weight (Fig. 1). In view of the times of onset of biochemical 
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manj | abnormalities, it is of interest that the gains in body weight of deprived 
Sing } animals reached a plateau essentially at a maximal level after 4 weeks of 
LY Was vitamin Bg restriction, but a difference in body weight between deficient 
veriod and control rats was evident by the 4th day. Since the deprived and pair- 
" pity fed control animals consumed the same quantity of food, and since absorp- 
tion of protein (1), fat, and carbohydrate (13) has been found to be normal 
n, and | in vitamin Be-deficient rats, it would appear that those animals not pro- 
The | vided with the vitamin were unable to utilize food materials with sufficient 
me ae. | efficiency to meet energy requirements and to provide a surplus for anabolic 
> unt] | purposes. Maintenance on the basal diet without added pyridoxine re- 
made sulted in a marked fall in the concentration of total vitamin Bs in both 


| sepa- carcass and liver tissue (Fig. 2). This fall in concentration was clearly 
yed as =e os ee ee . Te we _——- = oo 
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ough a 
> fatty evident within 1 week of vitamin Be deprivation. Further, coincident 
nl pro- with the onset of constant body weight in deprived rats, total vitamin Bs 
Total concentrations of both carcass and liver tissue decreased to their minimal 
Jn the level at the end of 4 weeks of deprivation and were essentially unchanged 
indard from these levels throughout the remainder of the experimental period. 


Liver content of vitamin Bg in both control groups was fairly constant 
throughout the experiment. Acrodynia in the deprived rats did not ap- 
pear until the 6th week of deprivation and then only in a mild stage. 


tistical It is obvious from the data on carcass composition (Fig. 3) that the 
al, the difference in average body weight between pair-fed controls and deprived 
xt pre- rats was due almost entirely to the difference in carcass total crude fatty 

acids. No significant difference in gm. of protein gained during the 8 
gains, week period was observed between these two groups. This is in agree- 
as ie ment with an earlier investigation (3) and suggests that vitamin Bg is 
emical not implicated in the synthesis or maintenance of protein in the rat. Such 
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a hypothesis is supported by the observations that serum protein level (1), 
enzyme protein level (14), and liver protein regeneration (14) are not af. 
fected by vitamin Be deficiency in the rat. In the present study no dif. 
ferences in hemoglobin: concentration were observed among the groups, 
again demonstrating a lack of effect of the vitamin on an essential protein, 
For the purpose of brevity, hemoglobin values are not presented here, 
The data on carcass total crude fatty acids (Fig. 4) indicate that in the 
vitamin B,-deprived rat small initial gains were followed by a constant 
level beginning at the 4th week, coincident with the attainment of constant 
body weight and total vitamin Be concentration of tissue. A difference 
in carcass total crude fatty acids between deprived and pair-fed control 
groups was evident after 1 week of experimental feeding and well in ad- 
vance of abnormalities in nitrogen metabolism. 
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Vitamin Be, probably as a phosphorylated derivative of pyridoxal, has 
been implicated as the coenzyme of transaminase enzymes in the rat for 
some years (15, 16), although recent observations (17, 18) have cast doubt 
on this supposition. As has been reported previously from this labora- 
tory (5), liver aspartic-glutamic transaminase was much less sensitive to 
dietary omission of vitamin Bs than was liver alanine-glutamic transami- 
nase, as is further indicated by the data presented here. It has been 
generally accepted that vitamin Be deprivation decreases transaminase ac- 
tivity (15). It should be noted that the results of the present study (Fig. 
5) clearly demonstrate that liver transaminase activity in the rat is not 
decreased by vitamin B, deprivation, but simply fails to increase with time 
as it does in control animals; Shwartzman and Hift (18) have stated that 
transaminase activity increases with age in normal hamsters. The data of 
a previous investigation (5) demonstrate the same lack of decrease in ac- 
tivity on a high casein diet. The constant enzyme level is particularly 
evident in the data for alanine-glutamic transaminase activity and is of 
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special interest in view of the rapid and marked decrease in liver total 
yitamin Bs concentration of deprived rats. It may be noted, also, that 
both transaminases showed increases in both control groups, while the liver 
content of total vitamin Bg remained fairly constant throughout the ex- 
periment. At least two possible explanations may be offered: (a) Al- 
though total vitamin Bs concentration of the liver is decreased in defi- 
cient rats, enough pyridoxal is still present just to maintain transaminase 
activity; and (b) the affinity of transaminase apoenzymes for the coenzyme 
may be of such proportion as to bind the coenzyme at the expense of other 
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vitamin Bs-requiring metabolic processes. Insufficient evidence is avail- 
able to ascertain the true explanation. However, the lack of correlation 
between contents of vitamin Bs and transaminase activity would not have 
been evident unless a chronological study had been carried out. A signifi- 
cant difference in alanine-glutamic transaminase activity was observed 
after 3 weeks of vitamin Bg deprivation, though a significant difference in 
aspartic-glutamic transaminase activity was not observed till the 6th week 
of vitamin restriction. Thus these abnormalities were not observed till 
well after the difference in carcass total crude fatty acids was evident, and 
they were approximately coincident with the commencement of minimal 
level of tissue total vitamin Be. 

Approximately coincident with a significant difference in alanine-glu- 
tamic transaminase activity, a significant elevation in urea formation by 
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liver slices of deprived rats was observed after 4 weeks of vitamin restric. 
tion (Fig. 6). Although an elevation in fasting blood urea of deprived 
animals, compared with pair-fed controls, was observed at all intervals, 
statistical significance was attained only at the 5th and 8th weeks of dep. 
rivation. Both of these significant alterations in nitrogen metabolism 
occurred well after changes in carcass total crude fatty acids and in tissue 
total vitamin Bs appeared. 

At no interval were significant differences in fasting blood ketone levels 
or in nitrogen retention observed. A trend to a lower nitrogen retention 
was observed in vitamin Be-deprived rats from 4 weeks through 8 weeks 
of deprivation, but, since statistical significance was not attained, the data 
are not presented. Inclusion of desoxypyridoxine in the vitamin Be-free 
basal diet to render rats severely deficient in vitamin Bg has been found to 
cause a significant decrease in nitrogen retention with no change in nitrogen 
absorption (1). 

It would appear that, although abnormalities in nitrogen metabolism 
can be demonstrated readily in the vitamin Be-deprived rat, these take 
place only after marked decreases in tissue total vitamin Beg and in car- 
cass total crude fatty acid gains. Further, these disturbances in nitrogen 
metabolism are generally coincident with attainment of constant amounts 
of body weight, of carcass total crude fatty acids, and of tissue total vita- 
min Bg and are not reflected by changes in protein synthesis or mainte- 
nance. It may well be that the defect in fat metabolism is a consequence 
of an impairment in energy yield to which other abnormalities are second- 
ary. It should be noted that no alteration in the basal metabolic rate of 
vitamin Be-deficient rats has been observed (19). 


SUMMARY 


An investigation of the time of onset of biochemical defects in the vita- 
‘min Be-deprived rat has been carried out. Differences in carcass total 
crude fatty acids and tissue total vitamin Bg levels were evident within 1 
week of deprivation. Significant alterations in nitrogen metabolism were 
not evident until at least 4 weeks, when body weight, carcass total crude 
fatty acids, and tissue total vitamin Be values had attained constant levels. 
Activity of liver transaminase of vitamin Be-deprived rats did not decrease, 
but failed to increase with time, as in control animals. The results of this 
study indicate that disturbances in nitrogen metabolism in the vitamin 
Be-deficient rat may be secondary to a primary effect on energy production 
which deprives the animal of surplus food for storage as fat. 
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THE MECHANISM OF PENTOSE PHOSPHATE CONVERSION 
TO HEXOSE MONOPHOSPHATE 


I. WITH A LIVER ENZYME PREPARATION 


By B. L. HORECKER, MARTIN GIBBS, HANS KLENOW,* anv 
P. Z. SMYRNIOTIS 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland, and the 
Department of Biology, Brookhaven National Laboratory, Upton, New York) 


(Received for publication, November 3, 1953) 


The existence of an oxidative pathway for the metabolism of glucose-6- 
phosphate was indicated by the work of Warburg et al. (1, 2), Lipmann 
(3), and Dickens (4). Early intermediates in this pathway have been iden- 
tified as 6-phosphogluconate (1) and ribulose-5-phosphate (5). The latter 
ester is isomerized to ribose-5-phosphate with the formation of an equilib- 
rium mixture containing about 75 per cent of the pentose in the aldose form. 
The earliest indication that this mechanism was a cyclic one came from the 
work of Dische (6), who found the degradation of pentose nucleosides in 
red cells to be accompanied by the appearance of hexose phosphate and 
triose phosphate. More recently, glucose-6-phosphate has been identified 
as a product of ribose-5-phosphate metabolism with preparations from rat 
liver (7), bone marrow (8), and spinach leaves (9). 

On the basis of known reactions, hexose monophosphate would be ex- 
pected to arise from pentose phosphate by way of triose phosphate and 
fructose diphosphate : 


2 pentose phosphate _—_glucose-6-phosphate 


2 C, fragment fructose-6-phosphate + P 
oh 


2 triose phosphate — fructose-1,6-diphosphate 


However, with red cell preparations (10) and with the liver preparations 
used in the present study, hexose monophosphate esters appear under con- 
ditions in which fructose-1,6-diphosphate is not hydrolyzed. Further- 
more, the quantitative experiments of Dische (11) and of Glock (12) indi- 
tate that the C. fragment is also used for hexose monophosphate formation, 
since significantly more than three-fifths of the pentose carbon was ac- 
counted for as hexose esters. This conclusion is supported by the isotope 


*Supported by the Egmont H. Peterson Foundation. Present address, Uni- 
versitetets Institut for Cytofysiologi, Juliane Maries Vej 28, Copenhagen, Denmark. 
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experiments reported below, in which the 1 carbon of pentose phosphate 
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tion an “active dihydroxyacetone” group is transferred from sedoheptu- 
lose-7-phosphate to glyceraldehyde-3-phosphate (15). 

The occurrence of these reactions in a rat liver extract has now been 
studied with C-labeled pentose phosphate. Hexose monophosphate 
formed from ribose-5-phosphate (1-C' or 2,3-C') was isolated as crystal- 
line barium glucose-6-phosphate heptahydrate (18). Following removal of 
the phosphate group, the glucose was degraded to determine the distribu- 
tion of isotopic carbon. The results are the subject of the present paper. 


Methods 


Materials—Unless otherwise specified, the methods and materials em- 
ployed were as described in a previous paper (14). 

Pentose phosphate-2 ,3-C'! was prepared from 3 ,4-labeled glycogen iso- 
lated from rat liver after administration of NaHCO; (19). The isotopic 
glycogen was converted to glucose-6-phosphate by the action of phos- 
phorylase (20) and phosphoglucomutase (21). The product was oxidized 
to 6-phosphogluconate with bromine (22) and the phosphogluconate con- 
verted enzymatically to ribulose-5-phosphate and ribose-5-phosphate (23).! 
The pentose phosphate mixture, isolated as the barium salt, contained 
about 80 per cent of the pentose as ribulose-5-phosphate and about 20 per 
cent as ribose-5-phosphate. 

Ribose-5-phosphate-1-C was prepared from ribose-1-C' obtained from 
Dr. H. S. Isbell of the National Bureau of Standards. For this purpose, 
ribokinase, free of transketolase, was prepared from cell-free extracts of a 
strain of Aerobacter aerogenes? isolated from soil by enrichment culture on a 
tibose medium. The culture medium contained 0.15 per cent of K,HPO,, 
0.05 per cent of KH2PO,, 0.02 per cent of MgSO,-7H,20O, 0.1 per cent of 
(NH4)2SO,, and 0.1 per cent of p-ribose. 

After 24 hours at 37° the cells were harvested in a Sharples supercen- 
trifuge. About 2 gm. of cells (wet weight) obtained from 1 liter of medium 
were ground in a mortar for 5 minutes at 0° with 6 gm. of alumina, and the 
paste was extracted with 15 ml. of 0.05 m 2-amino-2-(hydroxymethy])-1 ,3- 
propanediol buffer, pH 7.5 (Tris buffer). The clear extract obtained by 
centrifugation at 15,000 X g for 30 minutes (12 ml.) was treated with 2.4 
ml. of 1.0 per cent protamine sulfate (salmine, Lilly) solution. The pre- 
cipitate which formed was collected by centrifugation and homogenized in 
4 Potter-Elvehjem homogenizer (24) with 6.0 ml. of 0.05 m KeHPO,. The 


'The radioactive glucose-6-phosphate was prepared by Dr. W. A. Wood of the 
University of Illinois. The later steps were carried out at the National Institutes 
of Health in collaboration with Dr. Wood. 

*We are indebted to Dr. L. Pine and Dr. E. Verder of the National Microbio- 
logical Institute for the identification of this organism. 
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suspension was centrifuged and the residue discarded. The supernatant lh 
solution was treated with 0.1 ml. of 0.5 m K2,HPO,, brought to pH 5.8 with | 0° w 
0.12 ml. of 1 N acetic acid, and heated at 60° for 5 minutes. It was then | ring 
quickly cooled and adjusted to pH 7.5 with about 0.1 volume of 2 x NH,OH, | by ¢ 
and the precipitate centrifuged and discarded. The supernatant solution | to 4 
contained about 0.1 mg. of protein perml. In this form the enzyme prep- | fate 
aration could be stored for several months at —16° without loss of ribo. | tion 
kinase activity. The enzyme showed an absolute requirement for Mg++. | the : 
The heated preparation was devoid of transketolase activity; thus the ri- cipit 
bose-5-phosphate formed was stable except for partial conversion to riby- | cine 
lose-5-phosphate, amounting to about 20 per cent of the total pentose ester, | were 

For the esterification of ribose-1-C™ the reaction mixture contained 3 
uM of adenosinetriphosphate (ATP), 7 um of MgClo, 40 um of Tris buffer, 
pH 7.5, and 1.6 uM of ribose per ml. With 0.03 mg. of ribokinase protein In 
per ml. of incubation mixture the reaction was essentially complete after | sedo 
60 minutes at 25°. The pentose esters were purified by ion exchange chro- | phos 
matography on Dowex 1 formate columns (5) and isolated as the barium } the] 
salts. tion 

Analytical Methods—Spectrophotometric determinations of hexose mono- | sedo 
phosphates and of pentose and heptulose were carried out as described pre- | tity 
viously (14). hexa 

Ribokinase was assayed by following the disappearance of free pentose | quer 
with the orcinol reaction after the phosphate esters had been removed as | men 
alcohol-insoluble barium salts. The reaction mixture contained 4 um of | tulo 
ATP, 2 um of p-ribose, 10 um of MgCls, and 15 um of Tris buffer, pH 7.5, TI 
in a total volume of 0.6 ml. Aliquots of 0.1 ml. were removed at intervals, | tere 
added to 0.50 ml. of ethanol, and treated with 0.01 ml. of saturated barium | pear 
acetate. The barium salts were removed by centrifugation, and the super- | did: 
natant solution was analyzed for its pentose content. initi 

Radioactivity measurements were made with a gas flow counter (25). | valu 
Usually the samples were converted to barium carbonate and counted at | diph 
infinite thickness. In a few instances counting was done directly with ]| the: 
infinitely thin samples (<1 mg. per sq. em.). phos 

Glucose was degraded by fermentation with Leuconostoc mesenteroides, | ad 
which has been shown by Gunsalus and Gibbs (26) to produce CO, from | whi 
carbon atom 1, ethanol from carbon atoms 2 and 3, and lactate from carbon | tion 
atoms 4, 5, and 6. Ethanol was oxidized to acetate by heating for 2 hours | cont 
at 90° with 0.5 gm. of potassium dichromate in 4 N sulfuric acid and de- } tose 
graded by a modification of the method of Phares (27). Lactate was sub- | inac 
jected to a stepwise degradation according to the procedure of Wood, Lif- | tion 
son, and Lorber (19). In order to avoid the addition of carrier ethanol or | pha' 
lactate, about 500 um of glucose were fermented. In this way errors inthe | path 
relative isotope content of the glucose carbon atoms were minimized. T 
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Liver Enzyme Preparation—Rat liver acetone powder was extracted at 
0° with 12 volumes of 0.1 m phosphate buffer, pH 7.4, with occasional stir- 
ring to break up the larger particles. The supernatant solution obtained 
by centrifugation was diluted with 0.55 volume of cold water and brought 
to 40 per cent saturation by the addition of cold saturated ammonium sul- 
fate solution. The precipitate which formed was separated by centrifuga- 
tion and discarded. Saturated ammonium sulfate solution was added to 
the supernatant solution to bring the saturation to 65 per cent. The pre- 
cipitate was collected by centrifugation and dissolved in 0.25 m glycylgly- 
cine buffer, pH 7.4. From 1.7 gm. of acetone powder 4.0 ml. of solution 
were obtained. 


Results 


Intermediates in Hexose Monophosphate Formation—The participation of 
sedoheptulose phosphate as an intermediate in the conversion of pentose 
phosphate to hexose monophosphate was suggested by the order in which 
the products appeared (Fig. 1, A). In crude liver preparations the utiliza- 
tion of pentose phosphate was accompanied by an early accumulation of 
sedoheptulose phosphate. Subsequently there was a decrease in the quan- 
tity of this substance, together with a steady increase in the amount of 
hexose monophosphate. The appearance of hexose monophosphate fre- 
quently followed a marked lag phase, which was not evident in the experi- 
ment reported. ‘Triose phosphate, which appeared together with sedohep- 
tulose phosphate, remained relatively constant during the later stages. 

The pattern of hexose monophosphate formation was considerably al- 
tered by the addition of Mg** (Fig. 1, B). While heptulose phosphate ap- 
peared to be formed at about the same rate as in the absence of Mg*", it 
did not disappear, and the formation of hexose monophosphate, which was 
initially more rapid than in the absence of Mgt**, leveled off at a lower 
value. At no time were significant amounts of triose phosphate (or hexose 
diphosphate) detected. This effect of Mg++ may be interpreted in terms of 
the activation of a hexosediphosphatase. In the presence of Mgt*, triose 
phosphate appeared to undergo rapid conversion to hexose monophosphate, 
and the formation of fructose-6-phosphate from sedoheptulose-7-phosphate, 
which requires triose phosphate (11), was greatly reduced. In confirma- 
tion of this hypothesis, it could be shown that the crude liver preparation 
contains a very active fructose diphosphatase (Fig. 2) which formed fruc- 
tose-6-phosphate from fructose-1 ,6-phosphate, but which was completely 
inactive in the absence of Mg**+. This is in accord with previous observa- 
tions (28). It is evident that in our liver preparation hexose monophos- 
phate was formed from pentose phosphate by the fructose diphosphate 
pathway only when Mg** was added. 

The validity of this interpretation has also been tested with ribose-5- 
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Fic. 1. Hexose monophosphate formation from ribose-5-phosphate. The in- 
cubation mixtures contained 8.25 um of ribose-5-phosphate and 0.12 ml. of rat liver 
preparation in a total volume of 1.03 ml., adjusted to pH 7.60. Incubation was at 
34°. In B, 20 um of MgCl, were also present. At the intervals indicated aliquots 
were diluted with 9 volumes of water, heated for 2 minutes at 100°, and centrifuged to 
remove the coagulated protein. 
Fria. 2. The hydrolysis of fructose diphosphate. The experimental conditions 
were identical with those of Fig. 1, except that 3.8 um of fructose diphosphate re- 
placed the ribose-5-phosphate. The upper curve indicates the disappearance of 
fructose diphosphate and the two lower curves indicate the formation of hexose 
monophosphate; in the presence of Mg** this accounts for nearly 60 per cent of the 
fructose diphosphate added. In the absence of Mg*t* no hexose’ monophosphate is ; qT 
formed from fructose diphosphate (bottom curve). ae 
TaBLE I a 
Effect of Mg** on Isotope Content of Hexose Monophosphate follo’ 
Formed from Ribose-5-Phosphate-1-C™ and } 
Experiment No. Addition | Total formed Specific activity rd 
| BM c.p.m. per um 51 
1 None | 2.30 | 261 a 
2 Mg**, 0.02 m 1.37 99 F 
bh a! Sad: eee ate sd easly ai is egrs 
The incubation mixture contained 6.4 um of ribose-5-phosphate-1-C"™, approxi- — 
mately 27 muc. per uM, and 0.06 ml. of liver enzyme preparation in a total volume of glued 
0.50 ml. After 3 hours at 36°, the solution in Experiment 1 received 173 uM of car- talliz 
rier glucose-6-phosphate in 2.0 ml. and, in Experiment 2,112 4M in 1.3 ml. Both so- 
lutions were diluted with water to 7.0 ml., deproteinized with 0.75 ml. of 50 per cent from 
trichloroacetic acid, and treated with an excess of saturated barium acetate solution only 
to remove sulfate ions. The supernatant solutions were adjusted to pH 7.5 with activ 
saturated sodium hydroxide solution, cooled, and the vessels scratched to induce 
crystallization of the insoluble heptahydrate. The solutions were kept overnight or = 
longer at 0° to permit complete crystallization. The precipitates were collected by carb 
centrifugation, suspended in about 5 ml. of water, and dissolved by the addition of with 
about 0.02 ml. of concentrated HCl. Recrystallization was effected by the addition and - 
of saturated barium hydroxide solution until the pH was 7.5 to 8.0 (blue to brom with 
thymol blue). The results reported were obtained after five recrystallizations, tatio 
when constant specific activity was reached. The samples were counted as in- | 
finitely thin layers in a gas flow counter. Is 
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phosphate-1-C" (Table I). Hexose monophosphate formed in the presence 
of Mg++ contained only 38 per cent as much isotopic carbon as that formed 
in the absence of Mg**, indicating that in the former case a competition 
between aldolase and transaldolase for the available triose phosphate oc- 
curred, the bulk of the product arising by way of fructose diphosphate. 
Isotope Distribution in Hexose Monophosphate Formed from Pentose Phos- 
phate-1-C'*—Glucose-6-phosphate formed by the crude liver preparation 


TABLE IT 
Hexose Monophosphate from Ribose-5-phosphate-1-C™ 
Carbon atom Specific activity Per cent of total 


myc. per mg. C 


1 131 | 74 
2 | 0 | 0 
3 | 43 24 
4 2 1 
5 0 0 
ae aes ! 


The incubation mixture contained 36 um of ribose-5-phosphate-1-C™ (about 10 
myc. per uM) and 0.25 ml. of liver enzyme preparation in a total volume of 3.3 ml., 
pH 7.4. After 17 hours at 25°, 11.0 um of glucose-6-phosphate had been formed. 
At this time 96 uM of carrier glucose-6-phosphate in 8.4 ml. of water were added, 
followed by 1.0 ml. of 50 per cent trichloroacetic acid. The barium salt was isolated 
and recrystallized as in Table I. The final product (40 um) was dissolved in dilute 
HCl and the barium removed with a slight excess of K2SO,. The solution was ad- 
justed to pH 5.0 and incubated for 1 hour at 34° with 0.1 ml. of potato phosphatase 
(0.5 mg. of protein). The solution containing free glucose was deionized by passage 
over a mixed bed column, prepared from equal parts of IR-120 (H* form) and Duo- 
lite A-4 (free base). A portion of this solution, containing 17 um of glucose, was 
degraded as described under ‘‘Methods,”’ after addition of 403 um of carrier. The 
specific activity values refer to the hydrolyzed glucose before addition of carrier 
glucose; they are not corrected for carrier glucose-6-phosphate added before crys- 
tallization. 


from 1-labeled pentose phosphate contained significant quantities of isotope 
oily in carbon atoms 1 and 3 (Table II), with about 3 times as much radio- 
activity in carbon 1 as in carbon 3. The degradation data with L. 
mesenteroides were checked by yeast fermentation, which formed CO, from 
carbon atoms 3 and 4, with specific activity of 22 myc. per mg. of C, and 
with Pseudomonas lindneri (29), which yielded CO, from carbon atoms 1 
and 4, with specific activity of 70 myc. per mg. of C. These values agree 
with the mean values for each pair as obtained in the Leuconostoc fermen- 
tation. 

Isotope Distribution in Hexose Monophosphate Formed from Pentose Phos- 
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phate-2 ,3-C'*—Glucose-6-phosphate formed from 2 ,3-labeled pentose phos- 
phate was labeled primarily in carbon atoms 2, 3, and 4, with a small but 
significant amount of isotope in carbon atom 1 (Table III). Carbon atom 
4, with 45 per cent of the total radioactivity, was about twice as active as 
carbon atom 2 or 3, both of which were nearly equal in isotope content, 
Carbon dioxide formed in yeast fermentation had a specific activity of 18, 
equal to the average value of carbon atoms 3 and 4. 


TaB.e III 
Hexose Monophosphate from Pentose Phosphate-2,3-C' 
Carbon atom Specific activity Per cent of total 


myc. per mg. C 


1 3.7 7 
2 15.2 28 
3 10.9 20 
4 | 24.4 45 
5 | 0.3 1 
6 | 0.2 0 


The incubation mixture contained 33.3 um of pentose phosphate-2,3-C™ and 0.42 
ml. of liver enzyme preparation in a total volume of 4.5 ml., pH 7.4. After 16 hours 
at 25° the reaction mixture, containing 8.3 um of glucose-6-phosphate, was treated 
with 96 uM of carrier glucose-6-phosphate. Subsequent procedures were as in Table 
Il. After recrystallization and hydrolysis 72 um of glucose were recovered. For 
degradation 38 uM were supplemented with 453 um of carrier glucose. Specific aec- 
tivities are corrected for glucose carrier, but not for glucose-6-phosphate added 
prior to crystallization. 


DISCUSSION 


The rapid formation of sedoheptulose phosphate from pentose phosphate 
with its subsequent disappearance suggests that this substance is an inter- 
mediate in hexose monophosphate formation. However, from the results 
with labeled pentose phosphate it is apparent that the transketolase-trans- 
aldolase sequence of reactions, as depicted in the introduction, is by itself 
insufficient to account for hexose monophosphate formation, since the dis- 
tribution of isotope in the product differs substantially from that predicted 
by these reactions. 

According to this scheme, 1-labeled pentose phosphate, designated by 
the asterisk, would give rise to hexose monophosphate labeled equally in 
carbon atoms 1 and 3. While these were the only carbon atoms in the 
product found to contain significant amounts of isotope, they were un- 
equally active, with 74 per cent of the total radioactivity in carbon atom 
1. With 2,3-labeled substrate, designated by the circles, isotope should 
have been equally divided between carbon atoms 2 and 4. Instead, carbon 
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c* 
| 
c° C* 
| 
c* Cc* c° 
| | | 
C° c° c° C* 
| : | ; | | 
2 Ce transketolase +» C46 transaldolase Ce + C8 
| | | | | 
C C C C C 
| | | | | 
Cc C C C C 


atom 2 was much less radioactive than carbon atom 4 and, in addition, 
carbon atom 3 was nearly as active as was carbon atom 2. A small but 
significant amount of activity also appeared in carbon atom 1. 

Several reactions may be considered which would tend to produce the 
observed results. (1) Phosphate transfer from fructose diphosphate to a 
suitable acceptor, which would yield hexose monophosphate derived from 
2 moles of triose phosphate. (2) A reaction between ribulose phosphate 
and triose phosphate in which the former replaces sedoheptulose phosphate 
as a donor in the transaldolase reaction. (3) A reaction between ‘active 
glycolaldehyde” and tetrose phosphate in which the latter serves as an ac- 
ceptor in the transketolase reaction. 

With respect to the first reaction, it has been established that fructose 
diphosphate is not hydrolyzed to the monophosphate in the absence of 
Mg++. However, the possibility exists that an intermediate formed from 
pentose phosphate may act as an acceptor for the 1-phosphate group. This 
mechanism would give rise to 3 ,4-labeled hexose monophosphate from 2 ,3- 
labeled pentose phosphate. With 1-labeled pentose phosphate, however, 
it would yield an unlabeled product which would dilute carbon atoms | and 
3 to the same extent. 

The second reaction is unlikely, since efforts to substitute ribulose phos- 
phate for sedoheptulose phosphate in the transaldolase reaction have been 
unsuccessful. The third reaction, which would yield the same result, would 
be expected to occur in view of the variety of substrates which have been 
shown to act as “active glycolaldehyde” acceptors with transketolase (14, 
17)! 

The following scheme is tentatively proposed to account for the forma- 


tion of hexose monophosphate from pentose phosphate in our liver prepa- 
rations. 


* Evidence recently obtained by Racker, de la Haba, and Leder (30) for the 
cleavage of fructose-6-phosphate by transketolase lends considerable support to the 
third mechanism postulated. 
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2 pentose phosphate — hexose phosphate + tetrose phosphate 
Pentose phosphate + tetrose phosphate — hexose phosphate + triose phosphate 
2 triose phosphate — hexose phosphate + inorganic phosphate 


According to this scheme, hexose monophosphate formed from 1-labeled 
pentose phosphate would contain 67 per cent of the isotope in carbon atom 
1 and 33 per cent in carbon atom 3. From 2,3-labeled pentose phosphate 
the product would contain 33 per cent of the isotope in carbon atom 2. 
25 per cent in carbon atom 3, and 42 per cent in carbon atom 4. The ob- 
served values are in fair agreement with those predicted by this series of 
reactions. The small amount of isotope in carbon atom 1 in the second 
case may arise by a recycling of the hexose monophosphate formed. 

Results similar to those reported here have been obtained with prepara- 
tions from plant root or leaf, suggesting that the mechanism involved is of 
general occurrence rather than peculiar to the liver preparation used, 
These will be reported elsewhere. 

While the isotope results do not entirely fit the transketolase-transaldo- 
lase sequence, it is apparent that these reactions do occur in the crude liver 





preparation, along with one or more other reactions which may or may not | 


be catalyzed by the same enzymes. Under physiological conditions it is 
probable that the fructose diphosphate pathway is also operative, since it 
is necessary to assume that a fructose diphosphatase step occurs in the 
sequence of reactions which leads to glycogen synthesis from Cs; precursors, 

Arnstein and Bentley (31) have studied the formation of kojic acid from 
labeled glucose in strains of Aspergillus and have obtained evidence for the 


——e 


direct conversion of a Cs precursor to kojic acid without randomization of | 


the C; moieties. However, the distribution of isotope in carbon atoms 1, 
2, 3, and 4 of the product was strikingly parallel to that reported here for 
glucose derived from pentose phosphate-2 ,3-C", indicating that part of 
the hexose incorporated in the kojic acid might have been reformed from 
pentose phosphate. This result is consistent with evidence presented by 
these authors for the preferential oxidation of glucose carbon atom 1 to 
CO, in these microorganisms. 


SUMMARY 


The formation of hexose monophosphate from pentose phosphate by rat 
liver preparations has been studied with C'*-labeled substrates. 

Pentose phosphate-1-C" gave rise to 1 ,3-labeled hexose monophosphate, 
with 74 per cent of the isotope in the 1 position and 24 per cent in the 3 
position. 

Pentose phosphate-2 ,3-C" yielded hexose monophosphate with radioac- 
tivity in 4 of the 6 carbon atoms. Nearly one-half of the total activity 
appeared in position 4. Carbon atoms 2 and 3° were approximately 
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equally labeled, and a small but significant amount of activity was found 
in carbon atom 1. 

From the isotope data it is concluded that besides the transaldolase and 
abeled | transketolase reactions involving sedoheptulose-7-phosphate as an inter- 
.atom | mediate the liver preparation catalyzes one or more additional reactions 
sphate | Jeading to the formation of hexose monophosphate from pentose phosphate. 
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THE RATES OF DESOXYRIBONUCLEIC ACID SYNTHESIS 
AND MITOSIS IN LUNG 


By R. DAOUST,* F. D. BERTALANFFY, anno C. P. LEBLOND 


(From the Montreal Cancer Institute, Notre-Dame Hospital, and the Department of 
Anatomy, McGill University, Montreal, Canada) 


(Received for publication, September 1, 1953) 


A comparison of the rate of formation of desoxyribonucleic acid phos- 
phorus (DNA P) with that of cell production in the liver and intestinal 
epithelium of the rat showed that, in both tissues, the amount of newly 
formed DNA P was about twice that generally assumed to be required for 
the formation of new cells by mitosis (1). Since the rate of mitosis is very 
slow in liver and very fast in the intestinal epithelium, it seemed indicated 
to repeat the measurements of DNA P formation in an organ exhibiting a 
moderately high mitotic activity, the alveolar tissue of the lung. The rate 
of formation of DNA P was then compared to the mitotic rate of this 
tissue (2). 


Methods 


In a first series of experiments, sixteen male Sherman albino rats, ranging 
in weight from 191 to 319 gm. (average 272 gm.), were given a single sub- 
cutaneous injection of 300 uc. of P® in the form of sodium phosphate (pH 
5.5). The animals were maintained on Purina fox chow and tap water. 
Groups of four rats were sacrificed at intervals of 3, 6, 12, and 24 hours 
after the P* injection. 

To reduce the blood cell content of the lung, the animals were exsan- 
guinated via the abdominal aorta under ether anesthesia. The lungs were 
then removed and the intrapulmonary bronchi and adjacent bronchial 
lymph nodes excised with scissors. The trimmed lungs of the four rats of 
each group were pooled and forced through a plastic. squeezer. 3 gm. of 
tissue pulp were ground in ice-cold 10 per cent trichloroacetic acid in a 
Potter-Elvehjem type homogenizer. 

The phosphorus fractions were isolated by a slightly modified Schmidt- 
Thannhauser procedure (3). The specific activities of the inorganic, whole 
acid-soluble, and DNA P fractions were determined as described by Stevens 
etal. (1). The amount of DNA P newly formed during various time inter- 
vals after P*? administration was calculated by comparing the specific ac- 
tivity of the DNA P with that of either the whole acid-soluble phosphorus 
or inorganic phosphorus fractions (see below). 


* Fellow of the Damon Runyon Memorial Fund for Cancer Research, Inc. 
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A second series of experiments was run in the same manner except for the 
following details: the animals weighed from 210 to 262 gm. (average 240 
gm.), there were six animals per group, the dose of P® was reduced to 150 
ue. per animal, and only the most peripheral part of each pulmonary lobe 
was used, thus completely excluding bronchial and lymphatic tissue. 


Results 


Specific Activity of Phosphorus Fractions—In both experiments the spe- 
cific activity of the whole acid-soluble phosphorus fraction, as well as 


TaBLE I 
Specific Activity* of Acid-Soluble and DNA P Fractions of Rat Alveolar Lung Tissue 





| Experiment I | Experiment II 
a | ee . = | —_—__—_—_——_ "4 a ai 
t 32 Wh id- : id- 
injection | “bie P| Torani P| | Seabee 
wie | — nary j—_—____| ome 
End Average | End | Average | End Average| 
valuet valuet valuet | valuet | valuet valuet 
Od * aa 3 me 
3 | 10.71 | 10.71 | 15.80 | 15.80 0.154 5.35 | 5.35 0.078 
6 7.93 9.32 | 10.71 | 13.25 0.281 5.40 | 5.38 | 0.174 
12 4.22 7.23 4.36 9.60 0.363 4.58 | 5.08 | 0.236 
24 4.20 5.72 3.65 6.76 0.551 3.63 | 4.53 0.366 





* Expressed as percentage of the injected dose per microgram of phosphorus 
X 10~‘, the figure for the injected dose being adjusted for 200 gm. of body weight. 

{ Specific activity at time of sacrifice. 

t Average specific activity between time of injection and time of sacrifice, cal- 
culated as the mean of experimental and interpolated figures for each 3 hour interval 
during that time. 


that of its inorganic component, showed a maximal value at 3 hours after 
P® injection and then gradually decreased with time (Table I).!_ By 12 
hours, the specific activity of the whole acid-soluble fraction was similar to 
that of the inorganic phosphorus, a fact indicating that the main acid- 
soluble phosphorus compounds were then equally labeled. In contrast, 
the specific activity of the DNA P showed a progressive increase with 
time. 

Rate of Formation of DNA P—The percentage of DNA P formed during 


1 The explanation of the lower values obtained for the various phosphorus frac- 
tions in the second experiment is not known. Perhaps, the peripheral portions of 
the pulmonary lobes used possess a more sluggish circulation; hence, the entry of 
phosphorus would be slower than in the more central portions used in the first ex- 
periment. It will be shown (Table II), however, that the rate of formation of 
DNA P was the same in both experiments. 
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a given period was calculated as the percentage ratio of the specific activity 
of DNA P at the time of sacrifice to the average specific activity of the 
precursor from the time of injection to that of sacrifice (4). Such a method 
requires the assumption that no labeled DNA P was lost during this in- 
terval. 

Free nucleotides are presumably the immediate precursors of nucleic 
acids (5-7). In fact, eight mononucleotides have been recently isolated 
from the acid-soluble phosphorus fraction of rat liver, at 12 hours after P* 
administration, and, since seven of these nucleotides possessed an activity 
similar to that of the whole fraction, it was concluded that they were in 
rapid equilibrium with other acid-soluble phosphorus compounds.? There- 
fore, the specific activities of the whole acid-soluble phosphorus fraction 


TABLE II 


Rate of Formation of DNA P in Rat Lung, Calculated at Various Times after Injection 
of Radiophosphorus (Whole Acid-Soluble Phosphorus As Precursor) 





Experiment I Experiment II | Experiment I Experiment II 
Interval between P#? as Ls ~ 


injection and sacrifice Amount of DNA P formed during Amount of DNA P formed per day, 





time interval, per cent DNA P present! per cent DNA P present 
a Ws. —— — ecoti: with ad de 
3 1.44 1.46 11.52 11.68 
6 3.02 3.23 | 12.08 12.92 
12 5.02 4.65 10.04 9.30 
24 | 9.63 8.08 | 9.63 8.08 
—_— —_——_ _-_ - = =~ a a 
) ee | | 10.82 10.50 








may be considered to be representative of those of the immediate precursors 
of DNA. . The data calculated on this basis were first expressed as per 
cent of DNA P formed during each time interval, and, from these figures, 
the values for the daily formation of DNA P were obtained (Table IT). 
Thus, the average values for the amount of DNA P formed per day were 
10.82 and 10.50, respectively, in the two experiments. These two results 
are in good agreement. 

Since many authors have considered the specific activities of the inor- 
ganic phosphorus as those of the precursor of DNA P (4), calculations of 
the rate of DNA P formation based on this assumption were also carried 
out. By using the data of the first experiment, the percentages of DNA P 
formed per day were found to be 7.80, 8.48, 7.56, and 8.15 on the 3, 6, 12, 
and 24 hour data, respectively, or 8.00 per cent on the average. Since the 
phosphorus present in the immediate precursors of DNA is necessarily 


*R. Daoust and A. Cantero, unpublished. 
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derived from the inorganic phosphorus, it will be of lower specific activity | 


than the latter at early intervals after injection of P®. Therefore, the fig. 
ure of 8.00 per cent for DNA P formation per day calculated from inorganic 
phosphorus must be lower than the true value. 


DISCUSSION 

The DNA content of each one of the two cells arising from mitosis jg 
equal to that of the mother cell. Accordingly, it is generally assumed that 
mitosis is associated with the addition of an amount of new DNA equal to 
that of original DNA and, therefore, the rate of cell production should equal 
the rate of formation of DNA (and also of DNA P) (8). 

In the case of the alveolar tissue of the lung, the rate of cell production 
was estimated by the colchicine method in rats weighing 256 gm. on the 
average. The number of cells formed daily by mitosis in this tissue was 
found to be 3.57 per cent of the cells present (2). When corrected for a lag 
phase of 45 minutes between the injection of colchicine and its effect on 
the cells of this tissue, the daily cell formation amounted to 4.08 per cent. 
Since bronchi and bronchial lymph nodes were excluded from these estima- 
tions of the mitotic rate, as well as from the measurements of the rate of 
DNA P formation here presented, it is presumed that both the histological 
and the radiochemical estimations were performed on similar material. If 
the daily rate of cell production, that is, 4.08 per cent, is compared with 
that of DNA P formation, that is, 8.00 per cent (with inorganic phosphorus 
as precursor) or 10.66 per cent (with the whole acid-soluble phosphorus as 
precursor), it is apparent that the rate of cell formation in the lung is not 
equal to but is approximately half that of DNA P synthesis. The same 
conclusion had previously been reached with rat liver and intestine (1). 


Thus, in the three organs, twice as much newly formed DNA P appears | 


as is necessary to account for the amount of DNA P generally assumed 
to be required for the production of new cells. 

The presence of this apparent excess of new DNA P suggests that a re- 
newal of preexisting DNA P must also occur. The possibility that the 
renewal of DNA P takes place continuously in non-dividing cells may be 
ruled out since (a) radioautographic studies demonstrated that only cells 
undergoing mitosis incorporated phosphorus into the chromosomal DNA 
(9), and (b) a direct relationship between the rates of DNA P formation 
and mitosis was suggested in the past (4, 10-12) and demonstrated in the 
present series in liver, intestine, and lung. The dependence of the DNA P 
formation rate on mitosis in these three organs precludes that a significant 
amount of DNA P appears in the cell in the absence of mitosis. Thus, 
renewal of DNA P must also occur during the mitotic process. 

Since only half the new DNA P is accounted for by the synthesis of the 
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additional amount of DNA P which appears at mitosis, the other half must 
have been introduced for the renewal of an equal amount of preexisting 
DNA P. In other words, all the DNA P in cells arising from mitosis must 
be new. Presumably, all this new DNA P is formed during the duplica- 
tion stage of the mitotic cycle (8). 

The complete substitution of old by new DNA P at mitosis may well 
indicate that the duplication of a DNA molecule does not take place by 
addition of 1 similar molecule, but rather consists of the replacement of 
each preexisting molecule by 2 new ones.’ 


SUMMARY 


The specific activities of the inorganic, whole acid-soluble, and DNA P 
fractions of the lung were estimated in rats sacrificed at 3, 6, 12, and 24 
hours after administration of radiophosphorus in two series of experiments. 

Considering the specific activity values of the whole acid-soluble phos- 
phorus as representing those of the DNA P precursors, the daily formation 
of DNA P in the lung was calculated to be 10.66 per cent of the total 
DNA P present, while a figure of 8.00 per cent was obtained by using the 
values of the inorganic phosphorus as those of the precursors. 

Since a value of 4.08 per cent was obtained for the daily cell formation in 
the same tissue, it appears that the amount of DNA P newly formed per 
day in the lung is about twice that expected from a simple duplication of 
DNA in the cells undergoing mitosis during the same time interval. 

These results confirm previous conclusions derived from similar investi- 
gations on liver and intestine and thus further support the view that, dur- 
ing the duplication stage of mitosis, the preexisting DNA P is catabolized 
and replaced by twice its amount of new DNA P, both daughter cells re- 
ceiving exclusively newly formed DNA P. 


This work was supported by grants of the National Cancer Institute of 
Canada. 


Addendum—Since the publication of our results on the rate of formation of DNA 
P in rat liver and intestine (1), Barnum, Huseby, and Vermund (14) calculated the 
rate of DNA P formation in transplanted mouse mammary carcinoma and confirmed 
our finding that DNA P is formed at a rate which is twice that of cell formation. 

These authors criticized our method of calculating the results obtained at the 
early intervals after P®? injection (3 and 6 hours). Admittedly, the averages used 
for these periods are less accurate than those used for the first 12 hours or longer 
periods. Thus, in the case of the lung, the most accurate data are those computed 





* The breakdown of the preexisting DNA at the duplication stage of mitosis may 
be related to the appearance, in the nucleus, of substances absorbing ultraviolet 


light, which are Feulgen-negative, in an amount equal to that of the original DNA 
(13), 
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for the 0 to 24 hour period. In the case of the liver, the data for the 0 to 72 how 
period and, in the case of the intestinal mucosa, those for the 0 to 12 hour interyg) 
are the most precise. In the three tissues, the rates of DNA P formation computed 
over these intervals were almost exactly twice the rate of cell formation, a concly. 
sion in agreement with that reached in the present and previous paper (1). 

It should be added that some of the “correction factors” suggested by Barnum 
et al. were based on results obtained with liver tissue and, therefore, may be helpful 
in evaluating our data on liver at the early intervals. However, it is doubtfyl 
whether a factor calculated for transplanted mouse mammary carcinoma should be 
used to correct our data on the intestinal mucosa. In any case, the figures obtained 
at the late intervals would not be significantly altered by these ‘correction factors.” 
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Rydon (1) has found that 4- and 5-methylanthranilic acids inhibit the 
growth of Eberthella typhi and that this inhibition is reversed by anthranilic 
acid, indole, and tryptophan. He concluded that the two methyl com- 
pounds interfere with the synthesis of tryptophan at the stage of anthranilic 
acid. 

Interruption in the conversion of anthranilic acid to indole in Escherichia 
coli, caused by chloromycetin, aureomycin, and Terramycin, was recently 
observed by Bergmann and Sicher (2) and Bergmann et al. (3). The same 
effect is shown by 5-fluorotryptophan (4).! It appeared, therefore, inter- 
esting to study the response of EF. coli to some substituted anthranilic 
acids, 

Since the fluoro compounds o-, m-,! p-fluorophenylalanine! (5) and 3-fluo- 
rotyrosine (6, 7) were found to exert antimetabolite activity, 4- and 5-fluo- 
roanthranilic acids in addition to 5-methylanthranilic acid were chosen as 
possible antimetabolites. 

The present study shows that these anthranilic acid analogues do indeed 
inhibit the biosynthesis of anthranilic acid in E. coli, and that the inhibition 
can be overcome not only by the similarly built metabolites, but also by a 
number of amino acids, purines, and vitamins. 


Methods and Materials 


Culture and Media—E. coli (ATCC 9637) was carried as a slant culture 
on minimal medium as described by Davis and Mingioli (8), supplemented 
with 0.5 per cent of casein enzymatic hydrolysate (Nutritional Biochemicals 
Corporation). For the preparation of inocula, a smal] amount of surface 
growth from an 8 hour culture was suspended in sterile 0.9 per cent sodium 
chloride solution to a turbidity reading of 60 on the Klett-Summerson 
photoelectric colorimeter (red filter No. 64) and was then further diluted 
1:33 in saline. Each experimental culture of 2.5 ml. was inoculated with 
1 drop of this suspension. The basal medium used for the various assays 
was that of Davis and Mingioli (8). 


‘Unpublished experiments. 
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Tested materials were added in desired concentration to 1.25 ml. of 
double strength medium in 18 X 150 mm. Pyrex culture tubes. The media 
were then completed with distilled water, to a final volume of 2.5 ml, 
capped, autoclaved at 15 pounds pressure for 15 minutes, cooled, and in. 
oculated. After incubation at 37° for 17 hours, turbidity readings wer 
made with the Klett-Summerson colorimeter, red filter No. 64. All ex. 
periments were carried out in duplicate. 

The amounts of each compound needed to reduce growth to 50 per cent 
and to cause complete inhibition were determined from dose-response 
curves. The reversal of inhibition, by various metabolites, was tested at 
50 per cent, and complete inhibition and the antibacterial indices (micro- 
grams per ml. of inhibitor versus micrograms per ml. of metabolite) for 
these levels were obtained from the corresponding growth curves. 

Preparation of 5-Fluoro-2-aminobenzoic Acid (5-Fluoroanthranilic Acid)— 
2-Nitro-5-aminotoluene was prepared according to Wibaut (9), and 2-nitro- 
5-fluorotoluene by the general method of Schiemann and Bolstad (10), 
The compound has been obtained by a different route by Schiemann (11), 

To a mixture of 45 gm. of 2-nitro-5-aminotoluene and 130 ml. of concen- 
trated hydrochloric acid, a solution of 21 gm. of sodium nitrite in 65 ml. of 
water was added at 5°. After filtration, 78 ml. of 40 per cent fluoroboric 
acid solution were added, giving a dark yellow precipitate, which was 
filtered after 30 minutes, washed with fluoroboric acid, alcohol, and ether, 
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and dried. Yield, 55 gm. 


The diazonium salt was decomposed at 90-100° in portions of 2.5 gm.; | 


the tarry residue, subjected to steam distillation, gave a yellow oil which 
distilled at 50-60° at 11 mm.; m.p. 28°. Yield, 17.6 gm. (from 55 gm. of 
the diazonium salt). 


C;H,O.NF. Calculated, C 54.2, H 3.9; found, C 54.4, H 4.0 


2-Nitro-5-fluorobenzoic Acid—A mixture of 17.6 gm. of 2-nitro-5-fluoro- 
toluene, 44.7 gm. of potassium permanganate, and 500 ml. of water was 
heated on the water bath with stirring until the color disappeared (2.5 
hours). The mass was then steam-distilled in order to remove unchanged 
starting material (4.2 gm.) and filtered, and the filtrate was concentrated 
and acidified with 11 ml. of concentrated hydrochloric acid. The crude 
precipitate (6 gm.) was recrystallized from slightly acidic water. White 
crystals, m.p. 132—133°. Yield, 1.5 gm. 


C;H,O,NF. Calculated, C 45.4, H 2.2, N 7.6; found, C 45.3, H 2.3, N 8.0 


5-Fluoro-2-anthranilic Acid—To 1.32 gm. of nitro acid, suspended in 
30 ml. of alcohol, was added 0.2 gm. of palladium on charcoal (5 per cent). 
This mixture absorbed the theoretical quantity of hydrogen during 9% 
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ml, of} minutes. Filtration and evaporation yielded 750 mg. of a light brown 
‘medig | residue, m.p. 180°. 

-D mi, C;H,O.NF. Calculated, C 54.2, H 4.0, N 9.1; found, C 54.0, H 4.2, N 9.2 
Preparation of 4-Fluoro-2-aminobenzoic Acid (4-Fl uoroanthranilic Acid)— 
All ex. | 2-Nitro-4-aminotoluene was prepared according to Noelting and Collin (12). 
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Fic. 1. Reversal of 5-methylanthranilic acid (20 y per ml.) inhibition of the 
growth of E. coli by anthranilic acid (O), indole (A), L-tryptophan (0), pt-pheny!- 
-fluoro- alanine (+), L-tyrosine (@). Incubated 17 hours at 37°. 
er was | Fic. 2. Reversal of 5-methylanthranilic acid (20 y per ml.) inhibition of the 
od (2.5 : growth of E. coli by 2-ketoglutaric acid (¥), L-glutamic acid (@), glutamine (©), 
hanged L-proline (4), t-hydroxyproline (©), pt-methionine (0). Incubated 17 hours at 37°, 
ntrated . : 
oak The crude material was recrystallized from 50 per cent alcohol. Yield, 
White 62 per cent instead of 39 per cent. 
2-Nitro-4-fluorotoluene (13)—To a mixture of 15.2 gm. of 2-nitro-4- 
} aminotoluene and 30 ml. of concentrated hydrochloric acid, was added a 
0 solution of 7.5 gm. of sodium nitrite in 20 ml. of water at 5°. Addition of 
ded in | 23 ml. of 40 per cent borofluoric acid to the filtered solution gave a light 
- cent). ; pink precipitate which was filtered after 30 minutes, washed with boro- 
ing 90 } fluoric acid, aleohol, and ether, and dried. Yield, 17.5 gm. 
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414 SUBSTITUTED ANTHRANILIC ACIDS 
The diazonium salt (17.5 gm.) was decomposed in portions of 2.5 gm. at} penc 
125°. The residue was steam-distilled and the distillate extracted with} cent 
ether. Evaporation of the solvent gave 4.5 gm. of the desired product in} Filt 
the form of a heavy oil, b.p. 51-52° (0.7 mm.). 171° 
C;H,NO.F. Calculated, C 54.2, H 3.9; found, C 54.7, H 4.1 ( 
6-Nitro-4-fluorobenzoic Acid—A mixture of 3.5 gm. of 6-nitro-4-fluoro. se 
TABLE I beat 
Reversal of 5-Methylanthranilic Acid Inhibition of E. coli by Amino Acids, Vitamins, aes 
and Purines 
Data given for the quantities of metabolites in micrograms per ml., required to 
restore 50 and 100 per cent inhibition to full growth. Incubation for 17 hours at 37°, }oggr 
neat . ae 
Initial inhibition < | 
Metabolites ie eR, th F ; Type of antagonism i 
50 per cent (5 y per ml. 100 per cent (20 y per ml. feat 
- inhibitor) PS" inhibitor} 60 Q 
Ww 
~ . = - i 
L-Aspartic 4 | 20 Competitive Z | 
acid | 340 i 
L-Histidine 2000 (maximum 78%*) | 2000 (maximum Partial reversal §§ |! 
2207 * I: 
38% *) I 
put-Threonine | 1 | 2 Non-competitive Ié 
L-Cysteine 0.4 0.4 “ 0 4 
Vitamin By. 0.004-0.4 (maximum 0.4 Partial reversal Fi 
62%*) | 5 
Folic acid 40 | 40 (maximum 80%*) | Non-competitive y 
Thiamine 40 | 40T Partial reversal 05 
Adenine 0.4t 0.4 Non-competitive | 
Guanine 4t 4 - 
Hypoxanthine | 0.4} | 0.4 ' 





* Maximal reversal of inhibition, as percentage of full growth. 
+ No reversal of inhibition. 
t Initial inhibition 65 per cent (6 y per ml. of 5-methylanthranilic acid). 


toluene, 8.9 gm. of potassium permanganate, and 80 ml. of water was 
heated with stirring on a water bath until the color disappeared (4 hours). 
The mass was then steam-distilled, to free it from unchanged starting ma- 
terial (0.9 gm.), and filtered, and the filtrate was concentrated to a small 
volume. Acidification with concentrated hydrochloric acid gave a dark 
yellow precipitate which melted at 141.5° and, after recrystallization from 
water, at 145°. Yield, 0.8 gm. 


C;H,O,.NF. Calculated, C 45.4, H 2.2, N 7.6; found, C 46.1, H 2.3, N 7.7 
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4-Fluoroanthranilic Acid—To 6-nitro-4-fluorobenzoic acid (0.65 gm.) sus- | 
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gm. at) pended in 30 ml. of alcohol was added 0.5 gm. of palladium charcoal (5 per 
d with} cent). This mixture absorbed 250 ml. of hydrogen during 45 minutes. 
duct iy } Filtration and evaporation gave 425 mg. of a light brown material, m.p. 
171°. After recrystallization from water, the acid melted at 178°. 

C;H,O:NF. Calculated, C 54.2, H 4.0, N 9.1; found, C 54.1, H 4.1, N 9.0 
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a Fic. 3. Reversal of 5-fluoroanthranilic acid (0.4 y per ml.) inhibition of the growth 
of E. coli by anthranilic acid (©), indole (A), L-tryptophan (0), L-tyrosine (@), 
pL-methionine (+). Incubated 17 hours at 37°. 

Fic. 4. Reversal of 5-fluoroanthranilic acid (0.4 y per ml.) inhibition of the 
growth of E. coli by 2-ketoglutaric acid (0), u-glutamic acid (@), L-aspartic acid 
ter was (+), u-proline (4), L-hydroxyproline (O). Incubated 17 hours at 37°. 
hours). 
ing ma- For the preparation of 5-methyl-2-aminobenzoic acid (5-methylanthranilic 
a small | acid) 5-methylisatin (14) was oxidized with alkaline hydrogen peroxide 

a dark | (15): m.p. 174°. 
on from 
Results 

Effect of 5-Methylanthranilic Acid—E. coli is inhibited 50 per cent and 
completely by 5 and 20 y per ml. of 5-methylanthranilic acid, respectively. 
m.) SU | Ag shown in Figs. 1 and 2, the inhibition is reversed by anthranilic acid 
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and a number of amino acids.2 The effect of other amino acids, purines, 
and vitamins is listed in Table I. 

Effect of 5- and 4-Fluoroanthranilic Acids—The inhibition caused by thege 
compounds was greater than that caused by 5-methylanthranilic acid 
For the 5- and the 4-fluoro compounds, 0.06 and 1.6 y per ml. caused 5) 
per cent inhibition, while 0.4 and 4.0 y per ml. yielded complete inhibition, 
The inhibition could be alleviated by the same metabolites, with the excep. 


TABLE II 


Reversal of 5-Fluoroanthranilic Acid Inhibition of E. coli by Amino Acids and 
Vitamins 
Data given for the quantities of metabolites in micrograms per ml., required to 
restore 50 and 100 per cent inhibition to full growth. Incubation for 17 hours at 
_. 


Initial inhibition 


Metabolites ' : Type of antagonism 
50 per cent (0.06 y per ml. |} 100 per cent (0.4 y per ml. 
inhibitor) inhibitor) 
} 
puL-Phenyl- | 2 | 2000* | Partial reversal 
alanine 
L-Glutamine 200 400* | 7 - 
L-Proline 4 200 (maximum - “ 
| 45%t) 
pL-Methio- 4 | 44-2000 (maximum a “ 
nine | 76%t) 
L-Cysteine 4-400 (maximum 65%t) | 400* ae “ 
Vitamin Bie 0.004-0.04 (maximum | 0.4* “ty " 
78%t) | 
Folic acid 0.4 40 (maximum 15%) " " 
Thiamine 0.004 0.04 Non-competitive 
Nicotinic 0.4-400 (maximum 85%t)| 4400 (maximum Partial reversal 


acid | 50%t) 

* No reversal of inhibition. 

t Maximal reversal of inhibition, as percentage of full growth. 
tion of the purines. Representative experiments for the 5-fluoroanthranilic 
acid are given in Figs. 3 and 4° and in Table II, for the 4-fluoro compound, 


* The antibacterial indices determined for 50 and 100 per cent inhibition were as 
follows: anthranilic acid (500, 500), indole (125, 70), L-tryptophan (41, 50), pL-phenyl- 


alanine (2.5, 10), L-tyrosine (2.5, 5), 2-ketoglutaric acid (1.25, 1), L-glutamic acid | 


(0.25, 0.1), L-proline (0.02, 0.1), L-hydroxyproline (0.25, 0.5), and pi-methionine (25, 
0.5). 
* The antibacterial indices determined for 50 and 100 per cent inhibition were as 


follows for 5-fluoroanthranilic acid: anthranilic acid (3, 2), indole (1.5, 2), u-tryp- ; 
tophan (0.6, 1), L-tyrosine (0.075, 0.1), 2-ketoglutaric acid (0.03, 0.1), L-aspartie | 


acid (0.008, 0.01), L-glutamic acid (0.03, 0.02). 
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It was further found that, whereas nicotinic acid failed to 
reverse the inhibition caused by the 5-methylanthranilic acid, it was par- 


TaBLe III 


Reversal of 4-Fluoroanthranilic Acid Inhibition of E. coli by Various Amino Acids 
and Vitamins 


Data given for the quantities of metabolites in micrograms per ml., required to 
restore 50 and 100 per cent inhibition to full growth. Incubation for 17 hours at 37°. 








Initial inhibition 














Metabolites Re Type of antagonism 
50 per cent (1.6 y per ml. 100 per cent (47 per ml. 
inhibitor) inhibitor) 

Anthranilic 0.04 0.12 | Competitive 

acid 
Indole | 0.008 | 0.04 | Non-competitive 
L-Tryptophan 0.004 | 0.04 | < 
pt-Phenylala- | 2000 (maximum 70%*) | 2000t | Partial reversal 

nine 
L-Tyrosine 0.4 0.4 | Non-competitive 
2-Ketoglu- 2 12 | - 

taric acid 
L-Aspartic 0.12 0.4 a 

acid 
L-Glutamic 0.04 0.4 sd 

acid 
L-Glutamine 50 | 400 (maximum Partial reversal 

| 90%*) 

t-Histidine | 4-2000 (maximum 70%*) | 2000f } ee 
L-Proline | 0.4 0.4 Non-competitive 
t-Hydroxy- 200 400 (maximum Partial reversal 

proline 85%*) 
pL-Threonine | 4 12 Competitive 
pi-Methio- | 0.4 1.2 | “ 

nine | 
L-Cysteine | 1.2-400 (maximum 80%*);| 400 Partial reversal 
Vitamin By. | 0.02-0.4 (maximum 0.4t we s 

| 90%*) 
Folic acid 0.4 | 0.4-40 (maximum " e 
| 70%") 

Thiamine | 0.01 | 0.04 | Non-competitive 


Nicotinic acid | 4 


| 1.2-400 (maximum 


40%") 


| Partia] reversal 





* Maximal reversal of inhibition, as percentage of full growth. 
t No reversal of inhibition. 


tially effective with both 5- and 4-fluoroanthranilic acids. Phenylalanine, 
while reversing a low level of inhibition by 5-fluoroanthranilic acid, was 
inactive for the 4-fluoro compound. The inhibition caused by any of the 
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three inhibitors could not be reversed by any of the following compounds: 
L-arginine, pi-alanine, glutathione, glycine, L-leucine, L-lysine, DL-orni- 
thine, DL-serine, Di-valine (quantities up to 2000 y per ml.); 3-hydroxy. 
anthranilic acid (80 y per ml.); p-aminobenzoic acid (1 y per ml.), biotin 
(1 y per ml.), riboflavin (40 y per ml.), calcium pantothenate (40 per 
ml.), pyridoxine (very slightly effective (4 y per ml.) in the case of 5-methyl- 
and 4-fluoroanthranilic acids); cytidine, thymine, and uracil (400 ¥ per 
ml.). 


DISCUSSION 

In accordance with the results obtained by Rydon (1) for E. typhi and 
5-methylanthranilic acid, the experiments with EF. coli have shown that the 
three substituted anthranilic acids, 5-methylantbranilic acid and 5- and 
4-fluoroanthranilic acids, are antagonists of the parent substance, anthra- 
nilic acid. The magnitude of the inhibition was greater in the case of 
the fluoro compounds. In addition to anthranilic acid, indole, tryptophan, 
and tyrosine restored growth. In the case of 4-fluoroanthranilic acid, 
tryptophan was the most effective metabolite. Phenylalanine was effec. 
tive only with 5-methylanthranilic acid. These results accord with the 
fact that the anthranilic acid — indole synthesis opens the route to the 
biosynthesis of tryptophan (cf. Rydon (1)), and, on the whole, with the 
exception of the limited effectiveness of phenylalanine, indicate the possi- 
ble relationship existing among the various aromatic amino acids (5). 

The fact that a number of other metabolites, which are not structurally 
related to anthranilic acid, are capable of relieving the inhibition caused by 


the substituted anthranilic acids indicates that their attack is not confined | 


to one single point in the normal metabolism of the bacterial cell, or shows, 
at least, that the primary attack is followed by a number of secondary dis- 


.turbances. It is not likely that the fluoro compounds owe their effect to 


a breakdown to fluoroacetic acid, which then causes phenomena similar to 


those observed in higher animals; it has been shown‘ that fluoroacetic acid | 


is a relatively inefficient inhibitor of Z. coli. It is more likely that the ob- 
servations represent another example of the fact that “even with the pre- 
sumably specific competitive inhibition we have examples where more than 
one enzyme is interfered with by a single metabolite analogue” (16). 

For this reason, only a few of the metabolite-antimetabolite relation- 
ships which have been observed will be discussed. 

It has been suggested (2, 3) that methionine may supply the carbon re- 
quired for the completion of the indole ring from anthranilic acid. The 


reversal, by methionine, of the inhibition caused by the substituted an- | 


thranilic acids may, therefore, be related to this function of methionine. 


‘ Personal communication from Dr. J. Mager. 
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nds: | The effectiveness of cysteine can then be ascribed to its interrelationship to 
rni- | methionine, which has been established for Neurospora crassa (17), E. coli 
nxy- | (18), and Bacillus subtilis (19). The same may apply to threonine, which 
otin | js interrelated to methionine through the common precursor, homoserine 
per} (17, 20). 

hyl- Since glutamic acid was effective in alleviating the inhibition of the sub- 
per | stituted anthranilic acids, the effectiveness of proline could be ascribed to 
the interrelationship existing between glutamic acid and the latter (21); 
that of histidine could be correlated to a similar relationship between glu- 
tamic acid and histidine (22). 

and Lastly, it is noteworthy that p-aminobenzoic acid does not counteract 
the |} the inhibition caused by the substituted anthranilic acids (as found previ- 
and | ously for the methyl compound by Rydon (1)), while folic acid does. 

hra- 
> of SUMMARY 

an, 1. The inhibition caused in Escherichia coli by 5-methyl-, 4-fluoro-, and 
cid, } 5-fuoroanthranilic acids was studied. The substances were found to inter- 
fec- | fere with the biosynthesis of anthranilic acid; the fluoro compounds were 
the } the more potent inhibitors. 

the 2. In addition to anthranilic acid, the inhibition could be reversed by 
the } indole, tryptophan, tyrosine, phenylalanine, and also by a number of other 
ssi- | amino acids, vitamins, and purines. Phenylalanine and purines were ef- 
| fective only in the case of 5-methylanthranilic acid. 

ally ' 3. The reversal of inhibition by the various compounds is discussed in 
lby | view of the known interrelations among some of the compounds. 

ned 4. The synthesis of 4- and 5-fluoroanthranilic acids is reported. 
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THE MECHANISM OF ACTION OF GLYCERALDEHYDE-3- 
PHOSPHATE DEHYDROGENASE* 


By PETER OESPER 
With THE TECHNICAL ASSISTANCE OF ANN W. STREIFF 


(From the Division of Biological Chemistry, Hahnemann Medical College, 
Philadelphia, Pennsylvania) 


(Received for publication, August 13, 1953) 


The over-all reaction catalyzed by glyceraldehyde-3-phosphate dehy- 
drogenase? 


(1) v-Glyceraldehyde-3-phosphate + DPN*+ + phosphate = 
1,3-diphosphoglyceric acid + DPNH + Ht 


comprises both an oxidation and a phosphorylation and must therefore 
consist of two successive steps. 

Until recently there was considerable doubt as to which came first, the 
oxidation or the phosphorylation. Early speculations (1-4) that the ini- 
tial step was the uptake of phosphate to form a 1 ,3-diphosphoglyceralde- 
hyde have proved impossible of confirmation (5-7), and it has recently 
become clear that the uptake of phosphate is probably not the initial 
process, but that a much more probable mechanism for the dehydrogenase 
reaction is as follows: 


Step 1. Glyceraldehyde-3-phosphate + DPN*+ + enzyme = 
3-phosphoglyceryl-enzyme complex + DPNH + Ht 
Step 2. 3-Phosphoglyceryl-enzyme + phosphate — 3-phosphoglycerylphosphate 
(= 1,3-diphosphoglyceric acid) + enzyme 


When arsenate is substituted for phosphate, Step 2 leads to the forma- 
tion of 1-arseno-3-phosphoglyceric acid, which decomposes spontaneously. 
If this mechanism is correct,’ inorganic phosphate should exchange (Step 


*Supported by a grant-in-aid from the American Cancer Society upon recom- 
mendation of the Committee on Growth of the National Research Council. 

'The following abbreviations will be employed: DPN, diphosphopyridine nu- 
cleotide; DPNH, reduced DPN; ATP, adenosinetriphosphate; ADP, adenosinedi- 
phosphate; Tris, tris(hydroxymethyl)aminomethane; TCA, trichloroacetic acid; 
PCMB, p-chloromercuribenzoate. 

*Racker and Krimsky (11) have formulated an even more detailed mechanism, 
including substages of the steps given here. 

‘Since this paper was submitted for publication, an alternative set of substages 
has been proposed by Segal and Boyer (18). Both Segal and Boyer and Velick and 
Hayes (19) have now presented very strong evidence for the two-stage mechanism 
by showing that bulk quantities of enzyme can react according to Step 1, reducing 
DPN in the absence of phosphate. Velick and Hayes have determined the equili- 
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2) with the 1 position of 1,3-diphosphoglyceric acid in the presence of the 
enzyme but in the absence of DPN, which would be required if the ey. 
change took place by way of a diphosphoglyceraldehyde. The exper. 
ments reported here, performed with the dehydrogenases of both yeagt 
and muscle, show an uptake of P* into the 1 position of 1 ,3-diphosphogly. 
ceric acid under conditions in which interconversion of aldehyde and acid 
is negligible. 


EXPERIMENTAL 


Phosphate Exchange—1 ,3-Diphosphoglyceric acid was incubated with m- 
dioactive inorganic phosphate (P*) in the presence of glyceraldehyde-3. 
phosphate dehydrogenase. The dehydrogenase reaction was stopped by 
adding p-chloromercuribenzoate, and the 1-phosphate group of the 1,3. 
diphosphoglyceric acid was isolated after converting it to ATP with the 3. 
phosphoglyceric acid kinase of Biicher (8), which catalyzes the reaction 


(2) 1,3-Diphosphoglyceric acid + ADP = 3-phosphoglyceric acid + ATP 


Since the equilibrium of Reaction 2 lies far to right, nearly all of the 
phosphate group in question was converted to ATP. The reaction mixture 
was deproteinized with TCA, carrier ATP and inorganic phosphate were 
added, and the ATP was separated from the inorganic phosphate by ad- 
justing the pH to 1.7 and adding 10 volumes of acetone. This procedure 
precipitates the bulk of the ATP and leaves most of the inorganic phos- 
phate in solution. The addition of inorganic phosphate and the precipita- 
tion were repeated two or three times, resulting in the recovery*: ® of an 
ATP essentially free of the original inorganic P®. The specific radioac- 





brium constant for Step 1, and hence, from the over-all equilibrium, for Step 2. 
Velick and his coworkers have also reported detailed studies of substrate binding by 


_ the enzyme (19-21). 


‘ Considerable inorganic phosphate (approximately 175 um out of 350 um) was 
precipitated together with the ATP in the first separation, but subsequent separa- 
tions were much better (10 um out of 330 um of inorganic P coprecipitated). About 
half of the ATP also remains in solution after the first precipitation. (The volume 
of aqueous solution was approximately 10 ml.) When pure ATP (2 um per ml.) and 
inorganic phosphate (16.5 um per ml.) were separated by this method, 80 per cent of 
the ATP was recovered, and less than 2 per cent of the inorganic phosphate was 
coprecipitated. It is not known what impurities in the incubation mixture cause 
the abnormalities in the first precipitation. 

5 Tt was thought at first that conversion of the diphosphoglyceric acid to ATP was 
necessary because the diphosphoglyceriec acid was too unstable to stand the puri- 
fication procedure. It was later found, however, that about 10 per cent of the di- 
phosphoglyceric acid will survive three precipitations; thus it would be possible to 
forego the conversion to ATP if enough inactive diphosphoglyceric acid were avail- 
able for use as a carrier. We employed ATP as carrier in a test experiment, and re- 
covered about half the ATP and 10 per cent of the diphosphoglyceric acid. 
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tivity of the ATP was then determined. Details of typical experiments 
are found in Table I (for the yeast enzyme) and in Table II (muscle en- 
zyme). 


TABLE [ 
Exchange of P** between Inorganic Phosphate and Diphosphoglyceric Acid 

3.8 um of 1,3-diphosphoglyceric acid and 13.8 um of inorganic P containing 1,150,000 
ep.m.,in 5 ml. of Tris buffer (0.02 m, pH 7.0) were incubated at 25° with 0.2 ml. 
of yeast glyceraldehyde-3-phosphate dehydrogenase containing 76 y of protein and 
ium of cysteine. The reaction was stopped with 0.5 ml. of 0.01 m PCMB. 0.6 ml. 
(4.9 um) of ADP and 0.25 ml. of 3-phosphoglyceric acid kinase (80 y of protein) were 
added, and the mixture was deproteinized with 2 ml. of 27 per cent TCA after 1 min- 
ute. A small aliquot of the supernatant fluid was analyzed for inorganic P to de- 
termine the amount of ATP formed (since the 1-phosphate of diphosphoglyceric 
acid is determined as inorganic P, while the terminal group of ATP is not). To 
the remainder of the supernatant fluid 140 um of ATP and 330 uM of inorganic P were 
added as carrier, and the ATP was precipitated four times with 10 volumes of ac- 
etone at pH 1.7 and 0°. An additional 330 um of inorganic P were added before 
each reprecipitation. 





Recovered after 4 precipita- 
tions in presence of carrier 





P t of 
Incubation time ATP formed |——— | side Compe equilibrium 
ATP ing inorganic 
P 
ae | put xX 104 -~ | =" 
30 sec. | 3.1 | 0.76 0.70 5,850 | 9.0 
130 sec. 2.8 0.66 0.76 25,450 | 38.9 
80 3.0 | 0.68 1.37 56 , 500 86.5 
PCMB added to dehydro- 2.6 | 0.61 1.37 | 331 | 0.5 
genase before incubation | 


No dehydrogenase 2.9 0.75 0.96 191 0.3 

* Corrected for background. 

t If the activity were uniformly distributed over the 3.8 um of diphosphoglyceric 
acid and 13.8 uM of inorganic P, it would be 1,150,000 + 17.6 ¢.p.m. per um = 65,400 
¢.p.m. per uM. 

t The fraction of the active material recovered after each precipitation is the 
same as the fraction of the total (active plus carrier). ATP was determined as 7 
minute-hydrolyzable P. 


Three experiments were performed with the yeast dehydrogenase and 
two with the muscle enzyme, similar results being obtained in all cases. 

In order to make certain that the results presented in Tables I and II 
really did support the proposed reaction mechanism, it was necessary to 
ascertain that the phosphate exchange did not occur by a reversal of Reac- 
tion 1. The possibility of such a reversal is limited by the quantity of 
DPN present, the only source of DPN being that bound to the enzyme (9). 
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The muscle protein contains 2 moles of DPN per 100,000 gm. (9). Con. 
sequently a concentration of 88 y of protein per 5 ml., as in the experiments 
of Table II, corresponds to 3.5 X 10-* um of DPN per ml., which is less than 
1 per cent of the half saturation value (4 X 10-? um perml.). The enzyme 
is also less than 0.5 per cent saturated with glyceraldehyde-3-phosphate, 
for the half saturation value is 5 X 10- uM per ml. (10), whereas the actual 
amount of glyceraldehyde-3-phosphate present cannot be greater than the 


TABLE IT 
Exchange of P*? between Inorganic Phosphate and Diphosphoglyceric Acid 
4.1 um of 1,3-diphosphoglyceric acid and 14.8 um of inorganic P containing 2,650,000 
¢e.p.m. in 5 ml. of Tris buffer (0.025 m, pH 7.0) were incubated at 25° with the indi- 
cated amounts of muscle dehydrogenase. The subsequent steps were as in Table I, 
except that 114 um of ATP and 110 uM of inorganic P were added as carrier before the 
first ; precipitation : and 330 uM of i inorganic P before eac h of the two reprecipit ations, 


Recovered after 3 
precipitations in 


presence of carrier Per cent 
ATP C.p.m. per, of equili- 
formed pM ATP brium 
Contamin- activityt 
ATP ating in- 
| organic P 
uM | uM uM bey 
88 y enzyme,t 60 sec. incubation........| 3.9 1.04 | 0.0027 | 16,600 | 12 
265 y enzyme, 65 “ et cattan 3.9 | 0.99 | 0.0029 | 81,900 | 58 
PCMB added to enzyme (48 y) before 
RN ay hdie ors hs UR Mw Ca Sa 4.0 1.01 | 0.0032 147 ae 





* Corrected for bac keround. The last figure has also been corrected for the in- 
organic P® still present. This correction amounts to 130 c.p.m. 

t The equilibrium activity would be 2,650,000 + 18.9 = 140,000 c.p.m. per um 
(see foot-note to Table I). 

t The enzyme contained 1 uM of cysteine per 88 y. 

§ This was a separate experiment in which the equilibrium activity was 40,000 
¢.p.m. per uM. 


DPNH originally present, since DPNH is required to form the glyceralde- 
hyde-3-phosphate. If it were fully saturated with both substrates, 88 7 
of enzyme could turn over 0.88 um per minute of glyceraldehyde-3-phos- 
phate (10). It is evident that an appreciable uptake of P® by way of 
Reaction 1 is out of the question when the enzyme is less than 0.005 satu- 
rated with respect to each substrate. 

The turnover of the yeast dehydrogenase (2) is some 10 times as great 
as that of the muscle enzyme. However, the possible extent of saturation 
of the enzyme with the substrates is again so small as to preclude any sub- 
stantial uptake of P® by Reaction 1, especially in view of the fact that the 
recrystallized yeast enzyme does not appear to contain DPN. 
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These theoretical considerations were checked by direct experiments in 
which it was found that 88 y of muscle enzyme, saturated with glyceralde- 
hyde-3-phosphate, turned over 0.22 um of DPN per minute at a DPN con- 
centration of 1.3 X 10-? um per ml.; the yeast enzyme under the same con- 
ditions turned over twice as much substrate. Accurate measurements at 
lower concentrations were impossible, but the rate appeared to fall off 
proportionately to the DPN concentration. Reducing the glyceraldehyde- 
3-phosphate concentration to 0.7 X 10- um per ml. when the enzyme was 
saturated with DPN gave an oxidation rate of 0.08 um per minute, with 
the muscle dehydrogenase and 0.21 um per minute, with the yeast enzyme. 


Tase III 
Arsenolysis of 1,3-Diphosphoglyceric Acid 

The test systems contained 53 y of yeast glyceraldehyde-3-phosphate dehydro- 
genase, 0.30 um of 1,3-diphosphoglyceric acid, and other additions as noted below 
in 2.9 ml. of Tris buffer (0.03 m, pH 7.0). The diphosphoglyceric acid remaining 
after arsenolysis was determined (Negelein and Brémel (4)) by adding 0.1 ml. of 
DPNH (0.5 um) and observing the decrease in absorption at 340 mu. The reaction 
was complete in 1 minute. 


Additions, besides those listed above DPNH 


— oxidized 
uM 

1 None 0.29 

2 7.5 uM arsenate added with DPNH 0.16 

3 PF Fit ** 75 sec. before DPNH 0.06 

4 1 uw PCMB + 7.5 uM arsenate added 75 sec. before DPNH 0.00 
Same, 10 um cysteine added after DPNH 0.17 

5 7.5 uM arsenate added with DPNH; enzyme added last (225 0.15 


sec. after arsenate) 


These experiments were performed with the conventional optical test sys- 
tem of Warburg and Christian (2), with Tris buffer and the same concen- 
tration of phosphate as in the radioactive exchange experiments. 

It is apparent, then, that the rate of Reaction 1 is at least one or two 
orders of magnitude less than the rate of exchange of radioactive phos- 
phate. 

Arsenolysis of 1 ,3-Diphosphoglyceric Acid—The proposed reaction mech- 
anism for glyceraldehyde-3-phosphate dehydrogenase indicates that the en- 
zyme should catalyze the arsenolytic decomposition of 1 ,3-diphosphogly- 
ceric acid by Step 2, proceeding in reverse and then forward again with 
arsenate. 

The arsenolysis of diphosphoglyceric acid has already been reported (11, 
12) but under very different conditions from those described here. 

Details of some arsenolytic experiments are recorded in Table ITI. 
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When the arsenate is added simultaneously with the DPNH, arsenolysis 
and reduction compete for the diphosphoglyceric acid, and only half of 
the acid is reduced (Experiments 1, 2); when the arsenate is added earlier 
(Experiment 3), the arsenolysis destroys most of the diphosphoglyceric 
acid. A comparison of Experiment 4 with Experiment 2 shows that PCMB 
completely prevents both arsenolysis and reduction; cysteine removes the 
inhibition. Comparison of Experiment 5 with Experiment 2 indicates that 
diphosphoglyceric acid is not decomposed by standing with arsenate in the 
absence of the enzyme. 

Here again it was necessary to be sure that the arsenolysis did not pro- 
ceed by a reversal of Reaction 1 and reoxidation in the presence of arse- 
nate. Direct tests (according to Warburg and Christian (2)) showed that 
the amount of enzyme present could oxidize only 0.06 um per minute of 
glyceraldehyde-3-phosphate when the DPN and glyceraldehyde-3-phos- 
phate concentrations were 6.7 X 10° and 3 X 10- uM per ml., respectively, 
Since the maximal possible amounts of the substrates present during the 
arsenolysis were considerably less than one-tenth of these values, it is cer- 
tain that the arsenolysis cannot proceed by reduction and reoxidation. 


DISCUSSION 


The results obtained here provide additional evidence for the two-stage 
mechanism of the glyceraldehyde-3-phosphate dehydrogenase reaction pre- 
sented at the beginning of this paper.2:*»® This mechanism seemed in- 
herently probable as soon as it became known that acetyl coenzyme A 
possessed an acyl-substituted sulfhydryl group; the dehydrogenase has long 
been known to be a sulfhydryl enzyme, and the 3-phosphoglyceryl-en- 
zyme complex could then be visualized as also being an acyl-sulfhydry] 
compound. 

This theory is supported by the findings of Racker and Krimsky (Il, 
13), who report that glutathione is the prosthetic group of the muscle de- 
hydrogenase and that thiol esters (acyl-sulfhydryl compounds) are slowly 
formed and utilized by the enzyme. The facts that the phosphate ex- 
change and the arsenolysis reported here are both inhibited by PCMB, 
and that the inhibitions are relieved by cysteine, make it quite clear that 
sulfhydryl groups are involved in the acyl-enzyme complex formation; 
Boyer and Segal’s report (14) that glyceraldehyde-3-phosphate protects 
some of the functional sulfhydryl groups against iodoacetic acid also sup- 
ports this idea.’ Uninformative with respect to the réle of the sulfhydryl 

6 Chance and Harting (22) have made a detailed kinetic analysis of the enzyme- 
substrate interactions. 

7 Velick and Hayes (19) point out that the equilibrium constant for Step 2 is con- 
sistent with the hypothesis that the acyl-enzyme compound is a thio ester. Velick 
and coworkers also find (20) that the yeast enzyme combines with 2 equivalents of 
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groups, but speaking in favor of the two-stage reaction mechanism (the 
oxidation coming first), are the following facts:’ (1) the occurrence of 
a DPN-enzyme complex (9) and the fact that bound DPN is reduced by 
the addition of glyceraldehyde-3-phosphate (14); (2) the finding that acyl 
groups are directly bound to the enzyme (11); (3) the enzyme-catalyzed 
exchange of P® between 1 ,3-diphosphoglyceric acid and inorganic phos- 
phate, and the arsenolysis of diphosphoglyceric acid.° 

The arsenolysis of 1 ,3-diphosphoglyceric acid has already been observed 
by Meyerhof and Junowicz-Kocholaty (12), who used a crude muscle ex- 
tract, and by Racker and Krimsky (11), who employed crystalline en- 
zymes and reported a very slow reaction in the presence of high amounts 
of enzyme (order of 1 mg.) and of glutathione (10 um per ml.). Meyerhof 
believed the arsenolysis to be due to a reversal of Reaction 1, but Racker 
demonstrated that, at least in the case of acetyl phosphate, the arsenolysis 
could be dissociated from the oxidation by iodoacetate poisoning. The 
arsenolysis then proceeded only in the presence of glutathione. 

In summary, the evidence is now overwhelming that diphosphoglyceral- 
dehyde does not exist, and that the oxidation is the primary step in the 
glyceraldehyde-3-phosphate dehydrogenase reaction. 


Methods 


Preparation of Enzymes—Crystalline yeast dehydrogenase was prepared 
by the method of Warburg and Christian (2), as modified by Krebs and 
Najjar (15).!° The muscle enzyme was prepared according to Cori et al. 
(10) and crystallized three times. Phosphoglyceric acid kinase was pre- 
pared by Biicher’s method (8). 

Preparation of 1 ,3-Diphosphoglyceric Acid—This material was prepared 
by the method of Negelein and Brémel (4), the acetone precipitation being 
carried out at pH 1.8 instead of at pH 2.1. (The lower the pH, the less 
inorganic phosphate is coprecipitated.) Reprecipitation as the strychnine 





PCMB, a number equal to that of the acyl groups formed by the enzyme (and pre- 
sumably combined with it) in the absence of phosphate. The muscle enzyme com- 
bines with 3 equivalents of PCMB; it has three DPN-binding sites, and hence, pre- 
sumably, three oxidizing sites. 

§ Segal and Boyer (18) have evidence from the reaction kinetics which, at least in 
the case of glyceraldehyde oxidation in the presence of arsenate, ‘“‘rules out the oblig- 
atory combination of arsenate and glyceraldehyde before reaction with the enzyme 
as the main reaction pathway.” 

* Harting and Velick (23) have reported that the muscle dehydrogenase catalyzes 
both phosphate exchange between acetyl phosphate and inorganic phosphate, and 
also the arsenolysis of acetyl phosphate. 

0 We were able to confirm the report of Krebs (24) that fractions of the nucleic 
acid-protein complex precipitated at all pH values from 5.2 to 4.5 possessed enzyme 
activity, although those fractions precipitated at lower pH values had higher spe- 
cific activity, possibly because they were obtained in crystalline form. 
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salt proved unnecessary. In the best preparations, about 95 per cent of 
the total phosphorus was present as diphosphoglyceric acid. The purity 
was determined by the optical method (4). Diphosphoglyceric acid may 
be stored for more than a month if the solution is frozen in dry ice. The 
rate of decomposition is then approximately 1 per cent per day; the solv. 
tion may be thawed repeatedly to remove samples without catastrophi- 
cally hastening the decomposition. 

P®—H3P“0, was obtained from the Isotopes Division, United States 
Atomic Energy Commission, Oak Ridge, Tennessee, and was purified by 
boiling in 0.2 n HCl for 1 hour, adding one-twentieth of the volume of 
0.004 nN KMn0O,, and boiling for 20 minutes more. Samples were counted 
in 2 ml. of solution contained in uniform 5 ml. cups; a thin window tube 
and a Nuclear Instruments and Chemical Corporation scaler were used, 
The samples employed for counting gave 800 to 4000 c.p.m. except in the 
cases of the “inactive” samples (last two of Table I; last one of Table II), 
The small activity observed in these samples is believed to be due to im- 
purities in the radioactive phosphorus. When the phosphorus was used 
without purification, incubations without enzyme appeared to yield ATP 
with approximately 10 per cent of the equilibrium activity. 

Analyses—Phosphorus was determined by the method of Lohmann and 
Jendrassik (16) and protein by the biuret method of Robinson and Hogden 
(17). The optical methods for 1,3-diphosphoglyceric acid, and for the 
rates of the various reactions, have been described above. 


SUMMARY 


1. Glyceraldehyde-3-phosphate dehydrogenase, obtained from either 
yeast or muscle, catalyzes the exchange of phosphorus between inorganic 
phosphate and the 1 position of 1,3-diphosphoglyceric acid. This ex- 


change cannot proceed by reduction to glyceraldehyde-3-phosphate and 


subsequent reoxidation. 

2. The yeast enzyme also catalyzes the arsenolysis of 1 ,3-diphospho- 
glyceric acid. 

3. Both arsenolysis and phosphate exchange are inhibited by p-chloro- 
mercuribenzoate; the inhibition is relieved by cysteine. 

4. These data support the theory that the initial step in the formation 
of 1,3-diphosphoglyceric acid from glyceraldehyde-3-phosphate is an oxi- 
dation, rather than a phosphorylation. 
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16-SUBSTITUTED STEROIDS 
IX. ANDROSTAN-38-OL-16-ONE (HEARD’S KETONE)* 


By MAX N. HUFFMAN anno MARY HARRIET LOTT 
(From the Oklahoma Medical Research Foundation, Oklahoma City, Oklahoma) 


(Received for publication, October 8, 1953) 


In 1939 Heard and McKay (1) isolated in pure form from pregnant mare 
urine a 36-hydroxymonoketoandrostane in which the position of the ketonic 
oxygen was not readily determinable. The authors showed that the car- 
bonyl could not be located at either position Cy; or Cu, and location at Cis 
was rendered unlikely by the fact that the androstanolone gave a very 
weak Zimmermann test (see Callow et al. (2)). It was concluded that the 
site of the ketonic function was probably at Ce, Cz, or Cie. 

Oppenauer in 1941 (3) described the isolation from pregnant mare urine 
of several steroidal oxyketones, among which was the isomeric androsterone 
of Heard and McKay. Oppenauer apparently made no attempt to de- 
termine the structure of this material. Heard and McKay in 1946 (4) 
resumed investigation of this problem in the belief, based upon calculation 
of differences in optical rotation, that their compound was either androstan- 
38-ol-6-one or androstan-38-ol-7-one. They were successful in preparing 
the latter steroid, but it was not identical with the urinary androstanolone 
which they had obtained in 1939. Much speculation has since ensued 
concerning the exact structure of their oxyketone. 

In 1947 the present authors succeeded in preparing 1 ,3 ,5(10)-estratrien- 
3-ol-16-one (estrone-16) by partial synthesis from estrone (5). Surpris- 
ingly, the 16-ketone gave a virtually negative Zimmermann test. By use 
of the method of optical superposition it became apparent that Heard’s 
ketone might readily be 38-hydroxy-16-ketoandrostane. The transference 
of the carbonyl from position Cy; to position Ci, on the 3-hydroxyestra- 
triene nucleus had resulted in a change of molecular rotation of 689° in a 
negative direction; the molecular rotation of Heard’s ketone was 700° more 
negative than that of androstan-38-ol-17-one.2 

Upon submitting androstan-38 ,176-diol-16-one (I) (8) to mild Clem- 
mensen reduction, as in the method used for preparing estrone-16, a 


* A portion of the experimentation described in this publication was completed in 
the Southwestern Medical School, Dallas, Texas. 

1 Personal communication, Dr. H. W. Marlowe. 

* Based on the following optical rotations, estrone, [a]>> +168° (95 per cent ethanol) 
(6); estrone-16, [a]? —87° (95 per cent ethanol) (5); epiandrosterone, [a], +81° 
(dioxane) (7); Heard’s ketone, [a]? —160° (dioxane) (1). 
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mixture of androstan-38-ol-17-one (III) and androstan-36-ol-16-one (II stirring 














was obtained. The latter steroid was isolated from this mixture at fing | poured 
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Our androstan-38-ol-16-one (II) proved to be identical with the material | 
of Heard and McKay by comparison of physical constants and by a mixed Cl 
melting point test. We believe it of importance that a 16-ketosteroid has drost 
been found to occur naturally, and it will be of interest to see whether other etha: 
16-substituted steroids have natural occurrence. 212° 
Also included in this publication are the detailed methods for prepara- mest 
tion of androstan-38 ,178-diol-16-one and of androstan-3a , 178-diol-16-one mini 
(IV) (8). It is possible that one or both of these steroids may lie on a inter 
catabolic pathway of male sex hormone. peri 
EXPERIMENTAL : 3, 


Preparation of Androstan-36 , 178-diol-16-one—Metallic potassium (4.25 = 
gm.) was dissolved in 175 ml. of dry tertiary butyl alcohol with mechanical 
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stirring. ‘The resulting solution of potassium tertiary butoxide was then 
poured onto 4.00 gm. of epiandrosterone (androstan-36-ol-17-one), m.p.* 
169-172°, and the mixture stirred for a sufficient period of time to effect 
solution and for 5 hours longer, during which period isoamy] nitrite (4.0 
ml. and 3.0 ml.) was added at 2.5 hour intervals. The reaction mixture 
was transferred to a separatory funnel containing 750 ml. of aqueous gly- 
cine hydrochloride in dilute hydrochloric acid (= 85 gm. of glycine and 38 
ml. of concentrated hydrochloric acid) with 1000 ml. of ice water and 1750 
ml. of ethyl ether. After having been thoroughly partitioned, the sepa- 
rated ethereal phase was washed once with 3 per cent sodium bicarbonate, 
and the nitroso compound then extracted from the ether by two washings 
with 0.5 N potassium hydroxide. Acidification of the combined potassium 
hydroxide phases (1300 ml.) with concentrated hydrochloric acid precipi- 
tated the 16-oximino derivative. It was allowed to settle overnight, then 
filtered, and washed copiously with water. After having been dried in 
vacuo, the yield of fine needles decomposing at 213-215° was 3.61 gm. A 
further recrystallization from aqueous methanol of 105 mg. of this material 
raised the melting point of the 16-oximinoandrostan-38-ol-17-one to 218- 
219.5° (decomposition) (99 mg.). 

To the 3.505 gm. of 16-oximinoandrostan-38-ol-17-one were added 232 
ml. of 50 per cent acetic acid and 9.3 gm. of zinc dust. The mixture was 
refluxed for 1.25 hours, cooled, and decanted from the zinc. An equal 
volume of water was added, and the precipitated steroid was left in the ice 
box for 24 hours before filtering. The yield of androstan-38 , 178-diol-16- 
one (I) was 2.54 gm., m.p. 208.5-210° (yellow turning). Three subsequent 
recrystallizations of 90 mg. of the steroid from 80 per cent methanol (treat- 
ment with charcoal) raised the melting point to 217-218°, with yellow turn- 
ing (53 mg.). From analysis, the compound apparently crystallizes as the 
monohydrate. 


Cy9H300;-H20. Calculated, Cc 70.34, H 9.94; found, C 70.34, 70.28, H 10.03, 9.93 
CigH 300s. Calculated, C 74.47, H 9.87 


Clemmensen Reduction of Androstan-38 ,178-diol-16-one to Mixture of An- 
drostan-38-ol-16-one and Androstan-36-ol-17-one—In 90 ml. of 95 per cent 
ethanol were dissolved 902 mg. of androstan-38 , 178-diol-16-one (m.p. 210- 
212°) (1). To this solution were added 23 gm. of amalgamated zinc (20 
mesh), and the resulting mixture was refluxed on a water bath for 30 
minutes. Then 4.5 ml. of 6 N hydrochloric acid were added at 15 minute 
intervals during the next 5 hours of refluxing. At the end of the refluxing 
period the mixture was cooled, decanted from the unused zinc, diluted with 


* All melting points given or cited in this manuscript are uncorrected. Micro- 
analyses and optical rotations, unless otherwise specified, are by Dr. E. W. D. Huff- 
man, Denver. 
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water, and extracted with benzene. After having been washed with 1 x 
sodium hydroxide and with water, the benzene phase was evaporated, to 
yield a crystalline residue. A Girard separation was effected on this regi- 
due, yielding 710 mg. of ketonic fraction which was recrystallized twice 
from aqueous methanol and once from acetone-Skellysolve B to give 240 
mg. of balls of feathery needles melting at 184.5-185.5°. Further recrys. 
tallization from acetone-Skellysolve B, from aqueous ethanol, from acetone- 
Skellysolve B (charcoal), and from aqueous methanol improved the melting 
point to 186—186.5° (IT). 

CigH3002. Calculated, C 78.57, H 10.41; found, C 78.55, 78.62, H 10.36, 10.37 

[«]?> —180° (c = 0.865 in dioxane) 

A mixed melting point test performed with our androstan-36-ol-16-one 
and authentic urinary androstanolone, kindly supplied by Professor R. D, 
H. Heard, showed no depression. Heard characterized his androstanolone 
(Ci9H3002), in part, as follows: m.p. 187-187.5°; optical rotation [a]?* — 160° 
(in dioxane); benzoate, m.p. 206—208°; oxime, m.p. 194-195° (1). 

Combined steroid recovered from the ketonic fractions was treated with 
semicarbazide hydrochloride and the semicarbazone recrystallized twice 
from 95 per cent ethanol-benzene to yield 0.28 gm. of material melting at 
254-256° (decomposition). The free ketone, obtained by hydrolysis of 
this semicarbazone, weighed 198 mg. It was recrystallized several times 
alternately from Skellysolve B and aqueous methanol to give 81 mg. of 
androstan-36-ol-17-one (III) melting at 172-172.5°. After admixture with 
authentic epiandrosterone this melting point was unchanged. 


CigH3002. Calculated, C 78.57, H 10.41; found, C 78.47, 78.58, H 10.44, 10.36 


Oximation of Androstan-38-ol-16-one—To 46 mg. of pure androstan-36-0l- 


_16-one (II) were added 100 mg. of crystalline sodium acetate, 50 mg. of 


hydroxylamine hydrochloride, 4.5 ml. of 95 per cent ethanol, and 0.5 ml. 
of water. The solution was refluxed on the steam bath for 2 hours, and 
10 ml. of water were added. The mixture was allowed to stay at 5° for 
several days; then the oxime was collected on the filter and washed well 
with water. There were obtained 49 mg. of fine white needles which 
melted at 198.5-199.5°. Subsequent recrystallizations (two) from aqueous 
methanol (treatment with charcoal) served only to sharpen the melting 
point to 199° (41 mg.). 


CisH302N. Caleulated, N 4.59; found, N 4.61, 4.66 
Benzoylation of Androstan-38-ol-16-one—In 2.0 ml. of dry pyridine 53 
mg. of pure androsten-38-ol-16-one (II) were dissolved, and the solution 


was treated with 0.5 ml. of benzoyl chloride under thorough mixing. After 
having stood at room temperature for 17 hours, the benzoate was precipi- 
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tated with 50 ml. of ice water and the mixture placed in the ice box for a 
day. The reddish appearing semicrystalline oil was cautiously filtered, 
washed copiously with water, and then dried in vacuo over potassium hy- 
droxide and sulfuric acid. After two crystallizations from 95 per cent 
ethanol (treatment with charcoal) 63 mg. of benzoate were obtained as 
tiny, feathery needles melting at 208.5-209°. 


C.,H3.0;. Calculated, C 79.15, H 8.69; found, C 79.04, 78.91, H 8.61, 8.59 


Improved Method for Separating 16- and 17-Keto-androstan-38-ols—After 
mild Clemmensen reduction of 1.80 gm. of androstan-38 ,178-diol-16-one 
(m.p. 214-216°) (I) as described above, the resulting steroidal mixture 
(dried) was treated with 96 ml. of 95 per cent ethanol, 1.60 gm. of semi- 
carbazide hydrochloride, 2.24 gm. of sodium acetate trihydrate, and 12 
ml. of water. The mixture was refluxed for a period of 45 minutes after 
solution had become complete. It was then left a day at 5°, filtered, and 
dried. This mixture of semicarbazones was recrystallized three times from 
95 per cent ethanol and benzene, the mother liquors being carefully saved 
since they contained the more soluble 16-ketone semicarbazone. The 
mother liquors (combined) were then taken to dryness on the steam bath 
and hydrolyzed by refluxing with 300 ml. of 95 per cent ethanol and 100 
ml. of 2 Nn hydrochloric acid for 2 hours (before the last 5 minutes of re- 
fluxing a solution of 20 ml. of pyruvic acid in 80 ml. of water had been 
added). The hydrolyzed mixture was then partitioned with ethyl ether 
and water. The ether was washed twice with 1 N sodium hydroxide and 
twice with water and then taken to dryness. The crude oxyketone was 
recrystallized once from aqueous methanol and twice from acetone-Skel- 
lysolve B (treated once with charcoal) to yield 505 mg. of androstan-36-ol- 
16-one (II) melting at 184—185°. 

The more insoluble semicarbazone is very largely the semicarbazone of 
androstan-36-ol-17-one. 

Preparation of Androstan-3a ,17B-diol-16-one—To 919 mg. of androster- 
one (androstan-3a-ol-17-one) and 700 mg. of androsterone acetate* were 
added 66 ml. of a solution of potassium tertiary butoxide (1.61 gm. of 
potassium) in tertiary butyl alcohol under mechanical stirring. As soon 
as the steroid had dissolved, 1.3 ml. of isoamy] nitrite were added. After 
2.5 hours another 1.3 ml. of isoamyl nitrite were added and stirring was 
continued for a subsequent 2.5 hour period. The reaction mixture was 
then transferred, with ice water and ethyl ether, to a separatory funnel 
containing a solution of aqueous glycine hydrochloride in dilute hydro- 
chloric acid (= 34 gm. of glycine and 15 ml. of concentrated hydrochloric 


‘The combining of androsterone and androsterone acetate in this reaction was a 
matter of expediency and not of preference. 
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acid). The mixture was shaken well and the separated ethereal phase 
washed once with 3 per cent sodium bicarbonate, and then the nitrosated 
steroid was extracted from the ether by washing twice with 0.5 N potassium 
hydroxide. The combined potassium hydroxide phases (520 ml.) were al- 
lowed to stand for 2.5 hours, then acidified with concentrated hydrochloric 
acid, and permitted to remain overnight at room temperature. The pre 
cipitated crude 16-oximinoandrostan-3a-ol-17-one was filtered and dried in 
vacuo to give a yield of 1.33 gm. of microscopic crystals melting at 197.5- 
202° (decomposition). 

To the 1.33 gm. of steroid, in the preceding paragraph, were added 100 
ml. of 50 per cent acetic acid and 5.0 gm. of zine dust. The mixture was 
refluxed for 1.25 hours, then cooled, and decanted from the zinc. An 
equal volume of water was added, but after a day in the ice box the pre- 
cipitation did not appear to be complete, whereupon 65 ml. of a saturated 
solution of sodium chloride were added. After 48 hours at 5° the steroid 
was then filtered and recrystallized from acetone to give 0.76 gm. of an- 
drostan-3a , 178-diol-16-one melting at 156—-158°. After recrystallization, 
once from aqueous methanol and thrice from acetone-Skellysolve B (char- 
coal), the yield of air-dried needles in rosettes was 485 mg., m.p. 161-162° 


(IV).® 


CisH3003. Calculated, C 74.47, H 9.87; found, C 74.47, 74.36, H 9.88, 9.92 
la]? —135° (c = 0.535 in chloroform) 


SUMMARY 


The procedure for the reduction of androstan-3@ ,178-diol-16-one to a 
mixture of androstan-36-ol-17-one and androstan-36-ol-16-one, with the 
procedure for the separation of these two isomers, is described in detail. 
Androstan-36-ol-16-one proved identical with the androstanolone previ- 


Details for the methods of preparation of androstan-38 , 178-diol-16-one 
and of androstan-3a ,178-diol-16-one are presented. 


The authors wish to thank Dr. Oliver Kamm of Parke, Davis and Com- 
pany and Dr. Edward Henderson of the Schering Corporation for gifts of 
steroids used as starting materials in this research. To the Graduate Re- 
search Institute of Baylor University (Dallas) and to G. D. Searle and 
Company the authors are especially indebted for financial assistance ren- 





dered during the course of this experimentation. 


’ Microanalyses and optical rotations relative to this compound were performed 
in the Lederle Laboratories Division, American Cyanamid Company, through the 
courtesy of Dr. C. D. Kochakian. 
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STUDIES ON PRECURSORS OF PYRIMIDINES OF 
NUCLEIC ACID* 


By LAWRENCE L. WEED{ anv D. WRIGHT WILSON 


(From the Department of Physiological Chemistry, School of Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, September 30, 1953) 


Studies with compounds containing C“ or N'® have established that CO. 
(1, 2), orotic acid (3-7), and aspartic acid (8) are precursors of the pyrimi- 
dine ring of nucleic acid. Mitchell and Houlahan (9) have shown that 
oxalacetic acid and aminofuramide were about equally active in promoting 
growth of a Neurospora mutant which required uracil, while aspartic acid 
was only one-tenth as effective. It was reported by Wright et al. (10) 
that ureidosuccinic acid, which serves as a growth factor for a strain of 
Lactobacillus bulgaricus, is incorporated into the nucleic acid pyrimidines. 

We present data on ureidosuccinate, aspartate, and oxalacetate as pre- 
cursors of the pyrimidines of nucleic acid from a wild strain of Escherichia 
coli. Also studies in vitro, with slices of rat and cat spleen, yield data to 
demonstrate the effectiveness of ureidosuccinate as a precursor of nucleic 
acid pyrimidines of animal tissues. 


EXPERIMENTAL 


Wild type cultures of FL. coli were grown in 350 ml. volumes of a salt- 
glucose medium at 39° in tall cylinders with vigorous aeration. 14 hours 
after the beginning of each experiment the radioactive precursor under 
study! was added and growth allowed to continue for another 3 hours,” 
after which the bacteria were harvested and analyzed. 

The nucleic acid was extracted and hydrolyzed with 1 N HCl, and the 
components of the hydrolysate were separated by paper chromatography 


* Aided by a grant from the American Cancer Society administered by the Com- 
mittee on Growth of the National Research Council. The C" was received on allo- 
cation from the Isotopes Division, United States Atomic Energy Commission. 

t Postdoctoral Research Fellow of the United States Atomic Energy Commission. 
Present address, Department of Medicine, The Johns Hopkins University, School 
of Medicine, Baltimore, Maryland. 

'The ureidosuccinic acid labeled in the ureido carbon was prepared as described 
previously (11). Methylene-labeled aspartic acid was prepared by the method of 
Crompton and Woodruff (12), and methylene-labeled oxalacetic acid by the method 
of Heidelberger and Hurlbert (13). 

* In a similar experiment the bacterial growth as indicated by readings of turbidity 


was as follows: Klett photometer reading at the beginning, 60; at 14 hours, 150; and 
at 43 hours, 460. 


439 













1 Abs EAR 


Afi VO 4 


440 PRECURSORS OF PYRIMIDINES OF NUCLEIC ACID 


and ion exchange, as described previously (11). A solution of material 
from the uridylic acid region showed a maximal absorption at 262 mu with 
a Beckman ultraviolet spectrophotometer and a ratio of absorptions at 
278 and 262 my of 0.46 + 0.02. A solution of material from the cytidylie 
acid region had an absorption maximum of 278 my and a ratio of absorp. 
tions at 278 and 262 muy of 1.63 + 0.03 (5). The amounts of the nucleo- 
tides (and the pyrimidines discussed below) were calculated from the ab- 
sorptions at their maxima, multiplied by the molecular extinctions as given 
by Ploeser and Loring (14). The solutions were evaporated to dryness, 
then transferred to aluminum planchets, dried, and counted. 

After separating the uracil and cytosine nucleotides and determining 
their specific radioactivities, they were hydrolyzed with 60 per cent HClO, 
for 30 minutes at 130°, and the excess perchlorate was precipitated with 
KOH. The hydrolysates were made strongly alkaline and placed on a 
Dowex 1 (OH form) column. Cytosine and uracil were eluted from the 
column with 0.001 N and 0.002 n HCl respectively. These eluates were 
then evaporated to small volumes which were chromatographed on strips 
of Whatman No. 1 filter paper in normal butanol saturated with water, 
After 12 to 16 hours, the papers were dried, the bands outlined, and the 
material eluted. The solutions were studied as described above, dried, 
and counted. 

The radioactivity was determined with a windowless Geiger counter, 
with a standard error of 5 per cent or less except for the lowest count for 
adenine in Table I and the counts for cytidylic acid in Table II. No cor- 
rection was made for self-absorption. 

In addition, the regions of the paper above and below the region contain- 
ing the pyrimidine were eluted, read in the spectrophotometer, and ex- 
amined for radioactivity? This was done to make more certain that all 


counts were associated with the material which absorbed ultraviolet light. 


Table I gives the results. The data indicate that ureidosuccinate, as- 
partate, and oxalacetate are all effective precursors of nucleic acid pyrimi- 
dines in this bacterial system. It will be noted under the conditions of 
growth that the specific activities of the uracil and cytosine are of the 
same order of magnitude, which was not the case in animal systems pre- 
viously described (15). The incorporation of radioactivity into adenine 
was less than one-tenth that incorporated into the pyrimidines. The val- 
ues for the adenine may have been due to the incorporation of CO, formed 
from the degradation of some of each of the radioactive compounds ad- 
ministered. As CO, has been found to be a precursor for both the purines 
and pyrimidines, one may conclude from the high specific activities of 

3 We have obtained from 0 to 2 per cent of the radioactivity outside the regions 


containing most of the pyrimidine, and usually the ultraviolet absorption accounted 
for the radioactivity. 
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uracil and cytosine relative to adenine in these experiments that the for- 
mation of radioactive CO, from the precursors studied was not a signifi- 
cant factor in causing radioactivity in the pyrimidines. 

Studies with Ureidosuccinate and Slices of Animal Tissues—Rat spleen 
and cat spleen were examined by methods previously described (11) and 
yielded data shown in Table II. In both cases the incorporation into the 
uridylic acid was far greater than into the cytidylic acid. In one case the 


TaBLeE [ 
Incorporation into Bacterial Nucleic Acid 
E. coli was grown in the following medium: glucose 10 gm., NH,Cl 4 gm., NasHPO, 
8.8 gm., KH2PO, 1.6 gm., MgSO, and FeSO,, traces, per liter. After 1} hours of 
growth, 63 um of a precursor, containing 5 X 105 total c.p.m., were added. 

















Uracil | Cytosine Adenine 
| 

Precursor 7 ee | meee —, —a 
| Actual | C.p.m. | Actual C.p.m. | Actual} C.p.m. 
| c.p.m. | peruM C.p.m. | per#M | c.p.m.| per uM 
pL-Ureidosuccinate................ | 1603 | 157 1612 147 66 4.6 
pi-Aspartate. . .. aiid tat oe 92 | 29 | 5.4 
Oxalacetate........... eA! me | 52 | 493 65 | 55 | 5.7 





TaBLeE II 
Incorporation of Ureidosuccinate into Nucleic Acid by Two Animal Tissues 


3 to 4 gm. of tissue slices were allowed to digest with 26 um of ureidosuccinic acid 
containing a total activity of 1 X 106 c.p.m. 























| Uridylic acid Uracil | Cytidylic acid 
Spleen ee ee ee ee ae en ee ‘Vw ’ 
Actual C.p.m. Actual C.p.m. | Actual | C.p.m. 
| ¢.p.m. per uM c.p.m. per uM c.p.m. | perpM 

' =e i. |- cheat . 
ee 4.4, = 67 moe | 88 
20 | 5.6 


ee Nats ceonetateren 104 38 


uridylic acid was hydrolyzed and the free base studied. The specific ac- 
tivity of the base was in agreement with that of the nucleotide. 


DISCUSSION 


The foregoing data indicate that ureidosuccinate, aspartate, and oxalace- 
tate are precursors of the nucleic acid pyrimidines of E. coli. While oxal- 
acetate was far more effective than aspartate for the growth of Neurospora 
(9), aspartate appeared to be more readily utilized for pyrimidine forma- 
mation by FE. colt. 

Our experiments show that the various precursors enter both uridylic 
and cytidylic acids. In the rapidly growing bacterial system, incorpora- 
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tion into the two pyrimidine nucleotides occurs to approximately the same 
extent. On the other hand, in animal tissues when ureidosuccinate was 
used, the uridylic acid was much more active than the cytidylic acid, 
Previous studies with radioactive orotic acid and phosphate showed a simi- 
lar type of variation. 

In experiments dealing with possible radioactive precursors of a body 
constituent such as those described above, contamination by unknown 
intermediates can never be completely ruled out. However, the procedure 
which we used with the final isolation of pyrimidines on Whatman filter 
paper with normal butanol eliminated dihydroorotic acid (16). Ninhy- 
drin tests on paper chromatograms help to rule out amino acids which 
might be products of certain precursors, such as aspartic acid. All counts 
detected were associated with the bands giving the ultraviolet absorptions 
characteristic of the particular pyrimidines or purine. 


We wish to thank Dr. Adelaide Delluva for her assistance, Dr. Norman 
Abrahamson for preparing the oxalacetic acid and aspartic acid, and Mrs, 
Natalie G. Aust for her technical assistance. 


SUMMARY 

Ureidosuccinate, aspartate, and oxalacetate are precursors of the pyr- 
imidines of the nucleic acid of Escherichia coli. 

Ureidosuccinate, a saturated acyclic compound, was shown to be a 
precursor of uracil of nucleic acid of animal tissues. 
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REACTIVATION OF DIETHYL p-NITROPHENYL 
PHOSPHATE-INHIBITED a-CHYMOTRYPSIN 
BY HYDROXYLAMINE 


By LEON W. CUNNINGHAM, Jr.* 
(From the Department of Biochemistry, University of Washington, Seattle, Washington) 


(Received for publication, October 23, 1953) 


Since the original demonstration by Jansen and coworkers (1-3) that 
certain alkyl phosphates such as DFP,! TEPP, and DENP reacted stoi- 
chiometrically with a-chymotrypsin, yielding a well characterized but in- 
active protein, most efforts to effect a reactivation of enzymatic activity 
have failed (3, 4). The work of Wilson and others (5-7) on the reactiva- 
tion of DFP- and TEPP-inhibited acetylcholinesterase through the use 
of several reagents, including hydroxylamine, led us to investigate the ef- 
fect of this latter compound on a-chymotrypsin, inhibited by DFP and 
DENP, respectively (4). The present paper represents the results of a 
more detailed investigation into the nature of the reactivation process. 


Materials and Methods 


Kinetics of a-Chymotrypsin Action—In order that the concentration of 
active chymotrypsin in the solutions used in this study might be directly 
determined by enzymatic measurements, a preliminary investigation was 
made of the kinetics of the a-chymotrypsin-catalyzed hydrolysis of ATEE. 
Twice recrystallized a-chymotrypsin was prepared in this laboratory by 
Mr. Jules Gladner according to the methods published (8) and was di- 
alyzed until salt-free and then lyophilized. It was dissolved in 0.001 n 
HCl and stored in the cold for use as a stock enzyme solution. The sub- 
strate, ATEE, was prepared according to a published method (9). The 
assay solution consisted of 8 ml. of 0.005 m Tris-HCl buffer, pH 8, 1 ml. 
of 1 m CaCle, and 2 ml. of approximately 0.05 m ATEE.2 When this solu- 
tion had come to equilibrium in a constant temperature bath at 25°, the 


* Present address, Department of Biochemistry, Vanderbilt University School of 
Medicine, Nashville, Tennessee. 

1 The following abbreviations are used: DFP, isopropyl] fluorophosphate; TEPP, 
tetraethyl pyrophosphate; DENP, diethyl p-nitrophenyl phosphate; Cht, chymo- 
trypsin; ATEE, acetyl-L-tyrosine ethyl] ester; Tris, tris(hydroxymethyl)amino- 
methane. 

* Due to the limited solubility of ATEE in water, this stock solution was main- 
tained near 85°. A supersaturated solution of 0.02 m ATEE that was stable for up 


to6hours could be prepared by heating the solution to 85° and then cooling it rapidly 
to 25°. 
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pH was adjusted, if necessary, to a value slightly above that desired for Kn. 

a null pH. Then 1 ml.‘ of the stock a-chymotrypsin solution was added, includ 
and the rate of addition of 0.1 N NaOH required to maintain the pH con- of K. 
stant at the null pH was determined as in the usual potentiometric ester. | | the 
ase assay (10). The original substrate concentration was calculated from result 





the total base consumed in the reaction. The results of such measure- ahi 
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Fig. 1 Fig. 2 
Fic. 1. Hydrolysis of ATEE by a-chymotrypsin as a function of time. F = 
[ao — a] (A); F = 2.3 Ky log ao/a + [ao — a] (@). 

Fic. 2. Determination of k; and K,, for the reaction involving ATEE and a-chymo- whe 
trypsin. For details of calculation, see the text. of 
—_ i ; ‘ subs 

ments are shown in Figs. 1 and 2. If it is assumed that this reaction can 

be described by the integrated form of the Michaelis-Menten relation (10), 

> a 

kyet = 2.3Km log -; “++ (ap — a) (1) whi 
’ : and 
K,, and ks may be evaluated from a single esterase run in the following - 
manner. By utilizing points from a plot of a) — a against time (¢) (Fig. a 
1) in conjunction with Equation 1, a series of equations can be obtained pam 
which give ks as a function of K,,. In this case, such equations were cal- de 
culated for t = 180, 360, 540, 720, and 840 seconds. If these equations , 
are solved as sets of simultaneous equations, each pair yields a value for | ee 
* Whenever smaller aliquots of enzyme or substrate were used, the total volume tior 


was brought up to 12 ml. with water. 
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K,. By omitting pairs calculated for early reaction times, since they 
include that portion of the curve which is almost linear, an average value 
of Kn = 10 X 10“ mole liter is obtained. If this value for K,, is used 
in the calculation of the quantity (2.3K,, log ao/a + (a9 — a)), and the 
results are plotted against time, a straight line should be obtained if the 
original assumption is valid. Fig. 1 includes the data plotted in this 
fashion. Since a straight line is obtained, we may calculate k; from the 
slope to be 3.01 moles liter min.“ mg. N~' ml. 

In order to check further the validity of this treatment, K,, and k; were 
evaluated in the more usual manner. The data presented in Fig. 2 are 
the results of measurements made at constant enzyme concentration, 1.61 
xX 10-4 mg. of N per ml. of reaction mixture,‘ but at three different sub- 
strate concentrations. They have been plotted according to the relation 


(11) 


V = Vinx. — Kn > (2) 
ao 

From the slope and intercept of this line and the relation, kj = Vmax./e, 
k; was calculated to be 3.06 moles liter min.-' mg. N-' ml. and Kn, 7 X 
10 mole liter~'. It may be seen that the agreement between these two 
methods is good, particularly when the relatively low value for K,, is con- 
sidered. By utilizing the data of the latter method as probably the more 
accurate, the initial velocity of an esterase determination can be related to 
the actual concentration of a-chymotrypsin by the equation 


V 0.0007 
00 eet i*t (3) 
3.06 ay 
where e = enzyme concentration in mg. of N per ml., V = initial velocity 
of reaction, and a) = initial substrate concentration. Since the initial 


substrate concentration was usually about 0.008 m, the relation reduces to 


V 

= — (1.09 
¢= 50 (1.09) (4) 
which clearly illustrates the relatively small effect moderate errors in K» 
and a) would have on the calculation of the enzyme concentration. This 
relation was found to be valid from pH 7.8 to 8.2. For this reason no at- 
tempt was made to run all esterases at precisely the same null pH. It was 
considered sufficient to use any value between pH 7.85 and 8.10 in the 

chymotrypsin assays reported in this paper. 
‘ All concentrations of active and inhibited a-chymotrypsin were determined by 


optical density measurements at 282 mu on a Hilger spectrophotometer by the rela- 
tion mg. of N per ml. = 0.0763 X optical density. 
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During the course of the investigation it was discovered that hydroxyl. 
amine had an appreciable effect on the kinetics of this system. While a 
detailed investigation was not made, studies with various concentrations 
of hydroxylamine indicated that, whereas K,, remained unchanged, ks was 
increased from 5 to 10 per cent by concentrations of hydroxylamine from 
0.08 to 0.16 mM, the range generally encountered in this work. Since hy. 
droxylamine was present in the aliquots of reactivation mixtures used for 
esterase measurements, a correction for the value obtained for the enzyme 
concentration was required. The correction was determined in each case 
through the use of a control reactivation mixture which contained a known 
concentration of fully active a-chymotrypsin and which was approximately 
equal to the concentration of inhibited chymotrypsin in the experimental 
samples. While the origin of this effect is not understood, it is probably 
related to enzymatic hydroxamic acid formation (12). With 0.1 m hy- 
droxylamine and 0.008 m ATEE in the esterase mixture used routinely, 
but in the absence of chymotrypsin, no production of hydroxamic acid 
could be detected over a period of 1 hour by the FeCl; method of Hogness 
and Niemann (13). If chymotrypsin was also added, hydroxamic acid 
could be detected when the reaction had reached about 30 per cent com- 
pletion, as measured by NaOH consumption. The concentration of hy- 
droxamic acid as acetyl-L-tyrosine hydroxamic acid® was found first to 
rise to about 0.0008 m and then to decrease slowly. 

Inhibition of a-Chymotrypsin by Diethyl p-Nitrophenyl Phosphate—The 
method of Hartley and Kilby (14) was used to follow the inhibition of a- 
chymotrypsin by DENP. This involves the measurement at 400 mu of 
the quantity of nitrophenolate ion liberated in the accompanying reaction. 


o~- 
O O | 
a-Cht + (EtO).—=P—O — a-Cht—P=(OFt). + + Ht 
| 
| 
NO: 


NO, 


A typical reaction mixture contained 8 ml. of 0.1 m Tris-HCl buffer, pH 8, 
1 ml. of 1 m CaCls, 0.5 ml. of 0.024 m DENP in isopropyl alcohol, 1.5 ml. 








of water, and 1 ml. of 1 per cent a-chymotrypsin in 0.001 n HCl. A blank 


5 A calibration curve for acetyl-L-tyrosine hydroxamic acid, by using the Klett- 
Summerson photoelectric colorimeter with a No. 54 filter, was prepared through the 
use of an authentic sample of this material generously supplied by Dr. Carl Niemann. 
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containing 0.001 n HCl instead of the chymotrypsin solution must be run 
simultaneously to correct for the appreciable spontaneous hydrolysis of 
DENP. The solutions were maintained at 25° and at intervals the optical 
density was determined at 400 my in a Beckman model B spectrophotom- 
eter. It is necessary that variation of pH throughout the course of the 
experiment be minimized, since, at pH 8, one is well within the region where 
the nitrophenolate-nitrophenol equilibrium changes rapidly with pH. As 
inhibition nears completion, the concentration of nitrophenolate ion ap- 
proaches a constant value. From this final concentration it is possible to 
calculate a molecular weight for a-chymotrypsin, since it has been shown 
(2) that only 1 mole of inhibitors of this type combines with 1 mole of en- 
zyme. The results of such measurements are shown in Table I which also 
shows the relatively small reaction of DENP with chymotrypsinogen. The 











TaBLeE I 
Molecular Weight and Rate Constants Calculated from Inhibition of a-Chymotrypsin 
by DENP 
| Concentration of | 
Protein |nitrophenolate ion |Mol. wt. of protein) ky 
at t. 
a gmt | molest x 108 | |. let nin = 
a-Chymotrypsin 0.916 3.41 26 , 900 6.65 
| 1.891 6.28 30,100 6.32 
1.038 3.57 29 ,000 
Chymotrypsinogen 0.907 0.23 











rather high figures obtained for the molecular weight of a-chymotrypsin 
are probably due to the combined effects of a small amount of denaturation 
and autolysis over the course of the run, the fact that complete inhibition 
is not attained, and, most important, the small pH drop that occurs during 
the reaction. This method was used successfully in the preparation of 
several samples of DEN P-a-chymotrypsin. 

When the data for liberation of nitrophenolate ion versus time were 
plotted as a first order reaction, a straight line was obtained throughout 
most of the reaction, but in all cases there appeared a marked deviation 
with a higher slope in the very early portion. The first order reaction con- 
stants (k;), shown in Table I, were calculated from the straight portion of 
the curve and compare well with the figures of 4.6 to 5.7 liters mole min. 
given by Hartley and Kilby (14) for the reaction at pH 7.6. 

Preparation of Crystalline DEN P-a-Chymotrypsin—A solution was pre- 
pared which contained 1.7 gm. of twice recrystallized, dialyzed, and lyo- 
philized a-chymotrypsin in 400 ml. of 0.2 m CaCl, containing 0.001 n HCl. 
Another solution was prepared by adding 5 ml. of isopropyl alcohol which 
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contained 0.3 gm. of pure DENP to 400 ml. of 0.4 m Tris-HCl buffer ai per ce 
pH 8. These two solutions were mixed and allowed to stand in the cold exper 
for 60 hours. At this point an esterase assay with ATEE showed almost tratio 
complete inhibition. The pH was lowered to 3 with HCl and the solution 
dialyzed against 0.001 n HCl until salt-free. The dialyzed solution was 
then brought to 0.8 saturation with solid ammonium sulfate; the precipi- Rev 
tate was collected by filtration and redissolved in 70 ml. of 0.01 n H,S80, 
with the aid of a few drops of 5 nN H.SO,. A small amount of insoluble fore 
material was removed by centrifugation. To the clear supernatant fluid ot 
saturated ammonium sulfate solution was added slowly dropwise to the _ 
point of faint turbidity. After standing overnight at room temperature. , 
the crystalline material was filtered (wet weight 1.7 gm.). The crystals 
were redissolved in 10 ml. of 0.01 Nn H.SO, and recrystallized as above. 
This procedure was then repeated to yield 1.1 gm. wet weight of crystals, 
This twice recrystallized DENP-a-chymotrypsin was then dissolved in 20 
ml. of distilled water and dialyzed against 0.001 n HCl. It was then shell. | 
frozen and lyophilized to yield 0.66 gm. of dry powder. Esterase measure- | - 
ments indicated 99.5 per cent inhibition. *I 
tion ¢ 
Results broug 
Reversal of DENP Inhibition with Amorphous Inhibited Protein—The 
first experiments directed toward reactivation made use of samples of a- 
chymotrypsin that had been treated with DENP according to the method 
of Hartley and Kilby just described. The protein solution was then ad- 
justed to pH 3 and dialyzed in a rocking dialyzer against 0.001 n HCl 
until salt-free and then lyophilized. The activity of this preparation to- 
ward ATEE indicated that inhibition was 99.4 per cent complete. 
Several concentrations of hydroxylamine at different pH values were 
used in these initial experiments. The degree of reactivation was deter- 
‘mined from time to time by the following method. A solution was pre- 
pared by the addition of an aliquot obtained directly from the reactivation | 
mixture to 5 ml. of water and 1 ml. of 1 mM CaCl,. The pH was adjusted 
i 





to slightly above 8 and the volume brought to 7 ml. The reaction was | 

then started by the addition of 5 ml. of 0.02 m ATEE,? and was followedas |... 
previously described. The initial slope was used to determine the enzyme 0.49 
concentration. This procedure was used for all activity measurements 
made on reactivation mixtures. The results of these attempts at reactiva- decl 
tion are summarized in Table II. Although in these experiments the de- reac 
gree of reactivation was measured at various time intervals, only the latest | and 
point is given. From these data it was apparent that the reactivation 3, 1 
curves resembled those to be expected if the reaction obeyed first order | mer 
kinetics and that they were beginning to level off at values far below 100 rep! 
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per cent reactivation. As the closest approach to an adequate control in 
experiments of this type, fully active a-chymotrypsin in the same concen- 
tration and under the same experimental conditions was employed. The 


TaBLeE IT 


Reversal of Inhibition of DENP-a-Chymotrypsin at Varying Concentrations of 
Hydroxylamine and at Varying pH Values 


All solutions contain 0.042 m Tris and 0.083 m CaCl», and are adjusted to the de- 
sired pH and to a total volume of 12 ml. with HCl or NaOH. T = 25°; protein con- 
centration = 1 mg. per12 ml. Elapsed time, 48 hours. 


Sample No. | Hydroxylamine* pH Reactivation 
; M per cent 
1 0.5 7 4.6 
2 1.0 6 18.6 
3 1.0 7 26.6 
4 1.0 8 8.3 
5 0.2 8 0.9 


7 








* In all cases in which hydroxylamine was used, the solutions were made by dilu- 
tion of a stock solution of 2.5 m hydroxylamine-hydrochloride which had been 
brought to pH 7 by the addition of NaOH. 
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Fic. 3. Stability of a-chymotrypsin in solutions of varying hydroxylamine con- 
centration and temperature. @, 1.98 m H,.NOH, 25°; X, 0.99 m HeNOH, 25°; O, 
0.49 w H»NOH, 25°; @, 1.98 m H.NOH, 37°; A, 1.98 m H,NOH, 0°. 


decline in activity of these standards was used to correct the values for 
reactivation for decreases in concentration due to denaturation, autolysis, 
and other factors. The magnitude of this correction may be seen in Fig. 
3, where the stability of a-chymotrypsin is shown under various experi- 
mental conditions. Although such controls were run in all cases, only 
representative examples are shown here to illustrate the effect of hydroxyl- 
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amine concentration and temperature on stability. It is apparent that 
increasing temperature and increasing concentrations of hydroxylamine 
cause increased rates of inactivation. This loss of activity is presumably 
due to autolysis and denaturation. 


maxin 
tions 1 
This i 


The failure to obtain complete reactivation in these preliminary experi- 
ments gave rise to the belief that considerable denaturation might have 
occurred at some step in the preparation of the inactive protein. In order 
to eliminate this possibility, twice recrystallized DENP-a-chymotrypsin 
was used in all subsequent experiments. 

Kinetics of Reactivation Process—If it is assumed that the equation 


DENP-a-Cht + H:NOH — a-Cht + other products 
[E,, — Elr [R]r [E] 


describes the reactivation process, it may be shown that first order kinetics 
should be applicable. Thus the rate equation would be 


—d|E,, — E] 


di = KI(R|rlE,, — Elr (5) 


Fie 
Since [Fr is in all cases so high that it remains essentially constant through- tions ¢ 
out the reactivation, the expression reduces to simple first order form. In — 
order to determine whether the experimental data conform to this treat- 
ment, reactivation was attempted at several concentrations of hydroxyl- 
amine at 25° and at pH 7. This pH was chosen since it had been shown 
to be near optimal in the experiments described in Table II. The rate of 
reactivation was determined by esterase activity assays for total active 
enzyme, [E], on aliquots removed at frequent time intervals. The results 
are shown in Fig. 4, plotted as first order reactions. As the maximal reac- 
tivation found in both 2 and 1 m hydroxylamine was 38.4 per cent, this 
value was equated in this and all subsequent experiments with [FZ], the 
‘maximal reactivation of DENP-a-chymotrypsin obtainable under the most 
favorable conditions. These data have been corrected by the use of fully 
active a-chymotrypsin controls as described previously.* From Fig. 4 it 
may be seen that the data are apparently well described by first order 
kinetics, but any illusion of simplicity is rapidly lost when the variation of Pie 





ano 
k’ with the concentration of hydroxylamine is noted. No obvious explana- oom 
tion is apparent for this behavior. 

Effect of Temperature on Kinetics of Reactivation Process—To round out than 
the kinetic picture, reactivation experiments were performed at 37° and obtai 
at 0° in 2 m hydroxylamine and at pH 7. By utilizing 38.4 per cent as obey 

6 It should be mentioned here, however, that this control is not fully adequate, of 1/ 
since the corrected figure for per cent reactivation shows a substantial decrease on the fi 
longer standing. vatio 
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hat maximal possible reactivation, these runs are plotted as first order reac- 
ine tions in Fig. 5. At 37° a very marked deviation from linearity is apparent. 
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Fie. 4. The rate of reactivation of DENP-a-chymotrypsin in varying concentra- 
igh- tions of hydroxylamine at 25°. @, 1.98 m H.NOH; A, 0.99 m H.NOH; @, 0.49 m 
- H.NOH. 
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n of Fic. 5. The rate of reactivation of DENP-a-chymotrypsin in 1.98 m H.NOH at 
an) 37° (@) and at 0° (A). The inset graph gives the temperature dependence of the 
rate constant measured at 0°, 25°, and 37°. 
out than to a basic change in kinetics, since the highest extent of reactivation 
and obtained in this experiment was only about 30 per cent. At 0° the reaction 
t as obeys Equation 5 quite well. In Fig. 5 log k’ is also shown as a function 
uate, of 1/7. The value for k’ at 37° was estimated from the initial slope of 
seon | the first order plot. For the temperature range 0-25°, the energy of acti- 


vation was calculated to be 11.4 kilocalories per mole. 
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Effect of pH on Kinetics of Reactivation Process—Since, in the initial re. | “® . 
activation experiments with amorphous material, a marked dependence of 
the rate of reactivation on pH was observed, this point was examined jp 
greater detail. These experiments are summarized in Table IIT. Again 

it is apparent that only about 40 per cent reactivation can be obtained ob; 
under this type of treatment. The most striking fact, however, is an ap. 
parent optimum in the rate of reactivation at pH 6.7 to 7.0. On the basis 

Tasie III wher 

Dependence of Rate of Reactivation of DENP-a-Chymotrypsin on pH i 

re 


All solutions contain 1.04 m H,NOH, 0.04 m Tris, and 0.083 m CaCle, together 
with 1 mg. of DENP-a-chymotrypsin in a final total volume of 12 ml. Desired pH depe 
obtained by addition of HCl or NaOH. T = 25°. The maximal extent of reactiyg. cone 


Sample No. | pH | Elapsed time Reactivation 





hrs. per cent a 
1 5.4 | 15 3.4 
. | 66 12.8 
2 6.3 15 11.0 
| 66 | 32.3 
3 | 6.75 15 13.5 
66 | 35.1 
4 7.0 15 13.5 
66 35.1 F 
5 7.6 | 15 8.9 my 
66 | 31.2 Pa 
6 | 8.5 | 15 3.6 | 
| | 66 10.6 DEN 
7 9.4 | 15 0.9 integ 
66 3.0 
8* 7.2 15 | 0.6 
66 0.6 
* The control contains water instead of hydroxylamine. By u 
a fun 


of the first order treatment just described, an attempt was made to corre- 
late this pH optimum with the variation of the concentration of ionic spe- 
cies of the reacting compenents, hydroxylamine and DENP-a-chymotryp- fg the 
sin, with pH. Two further assumptions were made; i.e. (1) that only the the ¢, 
free base form of hydroxylamine is effective in causing reactivation, and } pase 
(2) that the loss of a proton from some group in the inactive enzyme at 


, ase. repre: 
some pH near 8 causes the latter to become resistant to reactivation. If} then 
we start with the basic rate equation deter: 

—-dE.—E read 
ath ot = KRIE, — El @ 
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we may rewrite this as 
—dE, — E) 
dt 








= KRirfe X [E, — Elrfe (7) 


or by combining fz and fg with k we obtain 


—dlE,, — E] 


ai = K(R|lE, — Elr (5) 


where fe = fraction of hydroxylamine as free base at the pH of the experi- 
ment; fe = fraction of inhibited enzyme in configuration favorable for 
reactivation at the pH of the experiment; k = specific rate constant, in- 
dependent of pH; k’ = rate constant dependent on pH; [R]r = total molar 








concentration of hydroxylamine; [E,, — EF], = molar concentration of 
0.03 oe \ 
~~ 0.02 ; ' 
0.01 
. ~ 
S POM 
pH 


Fic. 6. Comparison of the pH dependence of the first order reactivation constant 
with the theoretical curve (see the text). 


DENP-a-chymotrypsin remaining, that is, susceptible to reactivation. On 
integration we obtain 


ee [E..] 


~ [Rist ” (e — Elr ®) 





By utilizing the data of Table III, it is then possible to calculate k’ as 
a function of pH, as shown in Fig. 6. Also, since we have defined 


k’ = kfefe (9) 


a theoretical curve for the variation of k’ with pH may be determined in 
the following manner. First, the fraction of hydroxylamine as the free 
base is plotted as a function of pH. A standard one-step ionization curve 
representing the fraction of inhibited enzyme that has lost the proton is 
then constructed so that the two curves intersect at the experimentally 
determined pH of optimal rate of reactivation, 6.9. From this we can 
read fe and fy at any pH. Next, the experimentally determined average 
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value of k’ at pH 7 is taken from the data of Fig. 6, and, together with 


values for fe and fz at pH 7, substituted into Equation 9. In this manner, pa 
k may be calculated to be 0.036 liter mole hour'. With this figure and ia 
those for fe and fz at various pH values, the theoretical curve for k’ ag mg. 
function of pH, shown in Fig. 5, was obtained. Although the agreement 

between calculated and measured values of k’ is not perfect, it appears most 

probable that the initial assumption, that only certain ionic species of the Effect 
reactants are effective in obtaining reactivation, is justified. The assump.> — Ml 
tion that reactivation by hydroxylamine occurs when the latter is in the F 4 pH 


free base form appears to be more consistent with the usual mechanisms 
given for the cleavage of esters and amides by hydroxylamine. Accord. - 
ingly, the loss of the proton from DENP-a-chymotrypsin would make it 
resistant to reactivation. However, the data could equally well be inter. 
preted in the reverse fashion. In either case, the fact that a change in the 
inhibited enzyme, involving only the ionization of 1 hydrogen atom, can 
lead to its complete resistance to reactivation may eventually be useful 
along with other information in determining the exact nature of the inhibi- 
tion reaction, and perhaps of the active center itself. Further speculation 
on the nature of this ionizing group awaits more data, particularly on the 
other products of the reactivation reaction. 

Variation of Other Factors Which Might Affect Extent of Reactivation— 
The kinetic studies just described show clearly that, under the conditions Al 
used, only about 40 per cent of full activity could be regained. There re Fat 25° 
mained, however, several variables to be studied in relation to the maximal 
degree of reactivation. 

To preclude the possibility of an equilibrium between active and in- 
hibited enzyme, a series of measurements was made on protein solutions 
containing varying proportions of fully active a-chymotrypsin and DENP- 
a-chymotrypsin. The results are given in Table IV. Although the values 
for maximal] reactivation were for some reason uniformly slightly higher 
than those determined in the more detailed kinetic experiments, it is ap- 
parent that the presence of added a-chymotrypsin in concentrations up to f tion 
about twice that of the inhibited protein exerted no appreciable effect on — rium 
the extent of reactivation. To test further for the presence of an equilib- Ay 
rium, 4 ml. of Sample 5 of Table IV were dialyzed against 12 ml. of fresh —  inhit 
reactivation solution at 25°. Over a period of 48 hours no increase in the F Pull 
extent of reactivation was apparent. 25°. 

As another test for equilibrium, the effect of concentration of the in- then 
hibited protein was studied over a wide range. The usual protein con- | sua 
centration employed in these reactivation experiments was about | mg. f appr 
of protein per 12 ml. of reactivation solution. When the protein concen- | pare: 
tration was lowered to 0.1 mg. per 12 ml., the maximal extent of reactiva- [  fune 
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tion was measured to be 52 per cent. This high value was probably due to 
experimental difficulties associated with the determination of esterase ac- 
tivities of such dilute solutions. When the protein concentration was 12 
mg. per 12 ml., 40 per cent reactivation was obtained (experimental condi- 


TaBLe IV 
Rffect of Added a-Chymotrypsin on Extent of Reactivation of DEN P-a-Chymotrypsin 


All solutions contain 2 Mm hydroxylamine, 0.083 m CaCl», and 0.04 m Tris, adjusted 
topH 7.0. T = 25°; t« = 120 hours. 


Sample No. oe a-Cht added Send eee ~~ a Reactivation 
2 o 
N pe .N .N .N 
mf xX 108 mi. x 108 ‘mi. x 108 ‘mi. x 108 per cent 
1 535 0 238 238 | 44 
2 535 515 710 226 42 
3 267 0 123 123 | 46 
4 267 515 618 134 50 
5 1070 0 471 471 | 44 
6 0 515 484 0 
TABLE V 


Reactivation of Partially Inhibited a-Chymotrypsin 


All reactivation solutions contain 1.98 m H,NOH, 0.083 m CaCl, and 0.04 m Tris 
at 25° and pH 7. 


Initial inhibition Inhibition after reactivation at ¢, a of 
per cent per cent per cent 
26 17 35 
53 35 34 
83 54 34 
100 62 38 


tion as described in Table IV). Thus, again, no evidence for an equilib- 
rium could be obtained. 

Another experiment was designed to show whether partial reversal of 
inhibition was confined to material which had been completely inactivated. 
Fully active a-chymotrypsin was allowed to react with DENP at pH 8 and 
25°. At intervals aliquots were removed, tested for residual activity, and 
then added to 2 m hydroxylamine reactivation solutions similar to those 
usually employed. After 6 days the increase in activity of all samples had 
approached a maximal value. The results are given in Table V. It is ap- 
parent from these data that the failure to regain complete activity is not a 
function of the degree of preliminary inhibition. 
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DISCUSSION 
While it has been shown that the partial reactivation of DENP-¢. 
chymotrypsin by hydroxylamine can be described in terms of an equation 
such as 
DENP-a-Cht + H:NOH — a-Cht + other products 


it should be pointed out that, under the conditions required for reactiva- 
tion, an actual decrease in the concentration of one of the reactants, hy- 
droxylamine, cannot be measured. Since the characterization of the other 
end-products of this reaction has not been accomplished, it is difficult to 
decide whether the hydroxylamine actually undergoes a change during the 
reaction or whether its réle is catalytic. In either case, of course, first 
order kinetics would be applicable. According to the mechanism proposed 
by Wilson et al. (6, 7), hydroxylamine does react and the other end-product 
should then be diethylphosphohydroxamic acid. If this compound were 
relatively unstable in aqueous solution, the over-all reaction would indi- 
cate a catalytic réle for hydroxylamine. The recent discovery by Wagner- 
Jauregg and Hackley (15) that imidazole and related compounds increased 
the rate of hydrolysis of DEFP and DFP in aqueous solutions is interesting 


to consider in this regard. They propose the accompanying reaction se- 
e ‘. eS 














O T ‘ 
H—C———N | H—C———_-N 
| | X—P=(OR): | | HO 
| | acy Se ean 
H—C C—H H—C C—H 
y a J 
N N 
| | 
H | $O=P=(OR),_| 
H—C———_N : 
|| || | 
| | + HO—P=(OR): 
H—C C—H 
a 
N 
| 
H 


quence. The nucleophilic character of the nitrogen in hydroxylamine and 
in imidazole indicates the possibility that a similar action of hydroxylamine 
might be expected. Indeed, in the course of certain experiments presented 
in this paper, it was found that the addition of hydroxylamine to aqueous 
solutions of DENP greatly accelerated the increase in optical density at 
400 my, attributable to the formation of nitrophenolate, over that due to 
spontaneous hydrolysis. The reactivation product suggested by Wilson, 
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diethylphosphohydroxamic acid, and the postulated intermediate in the 
imidazole-catalyzed hydrolysis of DENP would appear to be closely re- 
lated, both being subject to relatively fast hydrolysis in water to yield 
diethylphosphoric acid, hydroxylamine, and imidazole, respectively. The 
over-all reaction might then be written as 

O O H 


|| | 
| . eon I | 
a-Cht—P=(OR): + H.NOH ———~> a-Cht + (RO)=P—NOH 


O 
(fast) |H.O 


— (RO).=P—OH 
On this basis it seems reasonable to expect that the reaction of the alkyl 
phosphates with a-chymotrypsin proceeds by the same basic mechanism as 
the reaction with hydroxylamine or imidazole.” 

It is not known why only about 40 per cent of the original activity of the 
inhibited a-chymotrypsin can be regained through the use of hydroxyl- 
amine. Several explanations, however, may be suggested. Probably the 
most obvious would be that the inhibited enzyme and probably a-chymo- 
trypsin itself consist of at least two distinct forms which differ greatly in 
the rate at which they may be reactivated. Another possibility would be 
that the inhibited protein is markedly less stable to denaturation in hy- 
droxylamine than the fully active a-chymotrypsin used as a control. A 
third possibility which must be considered is that the reactivated enzyme 
is not ‘‘a-chymotrypsin’”’ at all, but another form which may have decreased 
stability in hydroxylamine or which may show only approximately half 
the activity toward ATEE shown by the a form. In order to illustrate 
how such a radical change in activity might be accomplished, the work of 
Jansen and coworkers may be cited (2). They have shown that, among 
the impurities known to be present in twice recrystallized a-chymotrypsin, 
there are some, presumably peptides, which are quite strongly bound to the 
active enzyme. They have taken the fact that these impurities are readily 
removed after inhibition of the enzyme with DFP to indicate that the bind- 
ing is specific for the active center. Thus the impurities must be consid- 
ered apparently either as tightly bound but slowly hydrolyzed substrates 
of a-chymotrypsin, or, perhaps more likely, as specific peptide inhibitors. 
While a consideration of this particular phenomenon would indicate a dif- 
ference between the activity of a-chymotrypsin and reactivated DENP-a- 
chymotrypsin, it would unfortunately be in the opposite direction to that 
needed to explain the reactivation data. The effect of such activity 
changes on interpretation of the data as given here is apparent, since kinetic 





7 An extension of investigations on the catalytic réle of compounds such as hy- 
droxylamine and imidazole in DFP and DENP hydrolysis to include the effect of 
pH should aid in determining the significance of the pH optimum observed here. 
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studies on a-chymotrypsin were used throughout as a basis for the deter- 
mination of the concentration of reactivated enzyme. 

It would appear that a decision among these, and other explanations for 
the incomplete reactivation as obtained here, must await complete reacti- 
vation in some other system. The experiments presented here were con- 
fined to DENP-a-chymotrypsin, since it is presumably similar to DFP-a- 
chymotrypsin, though more readily reversed. A partial reactivation of 
the latter protein can be demonstrated (4), but it proceeds too slowly to be 
of use in quantitative reactivation studies. 


The advice and encouragement of Professor Hans Neurath and the gener- 
ous support of Eli Lilly and Company throughout the course of this work 
are gratefully acknowledged. 

SUMMARY 


The reactivation of DENP-a-chymotrypsin by hydroxylamine has been 
studied as a function of pH, temperature, and protein concentration. The 
maximal reactivation that could be attained was approximately 40 per 
cent. The rate of reactivation was described by first order kinetics and 
showed an optimum near pH 6.9. No evidence for the presence of an equi- 
librium between inhibited and active enzyme could be found. The energy 
of activation for the reactivation reaction in 2 m hydroxylamine at pH 7 
was found to be 11.4 kilocalories. Possible mechanisms of reactivation 
have been discussed. 
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CERTAIN INTERRELATIONSHIPS IN THE METABOLISM OF 
GLYCINE AND SERINE* 


By DAVID ELWYN{f anv DAVID B. SPRINSON 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, July 27, 1953) 


The utilization of L-serine-2 ,3-deuterio ,3-C",N' and glycine-2-C™,N'® 
for the biosynthesis of purines, thymine, and choline in the rat was de- 
scribed briefly in preliminary publications from this laboratory (1, 2). In 
the synthesis of the methyl groups of choline from the 6-C“D,OH group of 
isotopically labeled serine it was later found (3) that the C“:D ratio was 
unaltered, indicating that carbon-hydrogen bonds were not broken. In 
order to gain a better understanding of the reactions involved in these 
conversions a more careful investigation was carried out, in the same ani- 
mals, of the interrelationships in the metabolism of glycine and serine. 


EXPERIMENTAL 


Labeled Compounds'—The labeled L-serine was the same as that pre- 
viously described (4). It had 3.28 X 10° c.p.m. in the 8-carbon atom, 
25.8 atom per cent excess N'®, and 18.5 atom per cent excess deuterium. 
In order to determine the deuterium distribution in the molecule, 40.2 mg. 
of the labeled compound were diluted with 261.0 mg. of normal serine and 
degraded by the procedure described later. The deuterium concentration 
on the B-carbon was found to be 35.5 atom per cent excess. This would 
indicate that 45 per cent of the deuterium was in the a position and 55 in 
the 8 position. It can be calculated that the deuterium concentration on 
the a-carbon atom was 58.0 atom per cent excess. 

The labeled glycine in one experiment was a mixture of glycine-N'° and 
glycine-2-C%. The N'* concentration was 20.6 atom per cent excess and 
the activity 3.44 10° c.p.m. in the a-carbon atom. In a second experi- 


* This work was supported by grants from the American Cancer Society, upon 
recommendation of the Committee on Growth of the National Research Council, 
from the Lederle Laboratories Division of the American Cyanamid Company, and 
from the National Institutes of Health, United States Public Health Service. 

t Life Insurance Medical Research Postdoctoral Fellow, 1950-52; present address, 
Department of Biological Chemistry, Harvard Medical School, Boston, Massachu- 
setts. 

1 C4 was obtained on allocation from the United States Atomic Energy Commis- 
sion. 
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ment glycine-2-C™, having an activity of 2.23 X 10° ¢.p.m. in the a-carbon, 
was used without the N' label. 

Feeding Experiments—Four male Sherman rats in individual metabolism 
cages were accustomed to a 15 per cent casein diet (5) for a few days. The 
serine was incorporated at a level of 0.47 mm per 100 gm. of body weight 
into 8 to 10 gm. of ration per rat per day for 2 days. The glycine-2. 
C™,N! was similarly administered at 0.40 mm per 100 gm. of body weight 
in 8 to 10 gm. of ration per rat for 1 day. Glycine-2-C" (0.426 mm per 
100 gm. of body weight per day) was fed to 1 rat for 3 days. The results 
of this experiment (6), which agreed very closely with those of the 1 day 
feeding, are reported in parentheses in the fourth column of Table I], 
When a-amino-y-phenylbutyric acid was administered, it was added to 
the diet, 1 mg. per gm. of body weight being used. 

Isolations—The internal organs (liver, heart, kidneys, lungs, spleen, 
small intestine, testes) were homogenized in alcohol, extracted twice with 
boiling absolute alcohol (8 hours) and boiling 1:1 aleohol-ether (16 hours), 
and dried in a desiccator. Nucleic acids were extracted with hot 10 per 
cent NaCl solution and the tissues treated with 6 per cent trichloroacetic 
acid. The insoluble residue was hydrolyzed with 20 per cent HCl and 
the hydrolysate distilled in vacuo to remove HCl. 

The residue was taken up in a small volume of water and the solution 
passed through a column of Duolite A-4 to retain glutamic and aspartie 
acids. The neutral and basic amino acids were eluted with water, and 
the acidic amino acids with 1 n HCl. After concentration to a small 
volume, the aqueous eluates were passed through a column of Amberlite 
IRC-50 (at pH 4.7 with acetate buffer) to remove basic amino acids. The 
neutral fraction was eluted with water, concentrated to a small volume, 
and placed on a column of Dowex 50 (600 X 7.5 mm.) for isolation of 
serine, alanine, and glycine (7, 8) by elution with 1.5 Nn HCI with use of an 
automatic fraction collector. The composition of every fifth fraction (ap- 
proximately 20 ml.) was estimated by one-dimensional paper chromatog- 
raphy with aqueous phenol in an atmosphere of ammonia (9). 

Serine and threonine came off the column together. With the aid ofa 
mixture of L-serine and L-threonine-4-C™ (10) it could be demonstrated 
that pure serine is obtainable from this solution by precipitating it as the 
p-hydroxyazobenzene-p’-sulfonate (11) and recrystallizing the salt twice 
from water at —5°. Serine p-hydroxyazobenzene-p’-sulfonate, Ci;sH0r 
N;3S-H,O (401.4), caleulated N 10.5; found N 10.3. Serine, C3;H7;NO; 
(105.1), caleulated N 13.3; found N 13.1. 

Glycine and alanine overlapped to some extent, but sufficient quantities 
were obtained from the uncontaminated fractions for recrystallization to 
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constant activity prior to degradation. Alanine, C;H;NO, (89.1), calcu- 
lated N 15.7; found N 15.2. Glycine, C.HsNOz (75.1), calculated N 18.7; 
found N 18.4. 

Acetyl-a-amino-y-phenylbutyric acid was isolated in the usual manner, 
hydrolyzed, and converted to the silver acetate. 

Degradation Procedures—Serine, obtained by decomposition of the p-hy- 
droxyazobenzene sulfonate with barium acetate (11), was degraded with 
periodate according to known procedures (12), except that formaldehyde, 
representing the 8-carbon atom, was obtained as the dimedon derivative 
and used as such for the determination of C“ activity and deuterium con- 
tent. The difference between the deuterium concentrations of the serine 
and 6-carbon represents that of the a position. The N' of serine was 
determined on the ammonia remaining from the periodate oxidations, 
which was aspirated out of the alkaline reaction mixture after the addition 
of Zn powder. 

Alanine was degraded with ninhydrin to CO2, NH;, and acetaldehyde 
which was further degraded with hypoiodite (13). 

Glycine was decomposed by ninhydrin at pH 2.5 to CO: (which was ob- 
tained as BaCO;), formaldehyde, which was distilled out of the reaction 
mixture and counted as the dimedon derivative, and ammonia (13). 

Silver acetate was degraded with bromine in carbon tetrachloride (14, 
15) and the resulting CO, precipitated as BaCQ3. 

Isotope Analyses—C" activity was measured with a thin window, or an 
internal flow, Geiger-Miiller counter either on the compounds isolated or, 
when CO: was isolated, on BaCO;. Stainless steel dishes (2.0 sq. cm. in 
area) were used, and, nearly always, sufficient sample was taken to give 
infinite thickness. When necessary, corrections to infinite thickness or for 
back-scattering were applied. Sufficient counts were taken to give a 
standard deviation of less than 5 per cent. The values in Tables I and II 
(counts per minute per dish of carbon) were obtained from the observed 
counts by dividing by the fraction of carbon in the compound. When the 
position of the label was known, the observed count was divided by the 
fraction of labeled carbon in the compound to yield counts per minute per 
dish of labeled carbon. 

N® (16) and deuterium (17) were determined by standard procedures. 


RESULTS AND DISCUSSION 
Utilization of u-Serine-2 ,3-D ,3-C™ ,N™ and of Glycine-2-C™ ,N™ for Ser- 
ine and Glycine of Internal Organs—The data in Tables I and II describe 
the manner in which dietary serine and glycine are utilized for a few con- 
stituents of internal organ proteins. In order to facilitate comparison be- 
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tween the two experiments the results are also expressed as coefticients of 
utilization? (18) which reduce the observed isotope values to the same level 
of activity and dose in the various precursors. 

The highest isotope concentrations are found, as expected, in the amino 
acid administered. Aside from the labilization of deuterium in the a posi- 
tion, the apparent stability of internal organ serine is indicated by coeffi- 


TABLE I 
Utilization of u-Serine-2,3-D,3-C,N15* 


Isotope concentration Coefficient of utilization 





Compound isolated 
or position in moleculet aie weeommmenen . eesanena Seiiie . - 
cu D N16 cu D N15 
comet | Sy edeas | cont ovess 

i a 8 | 98 0.861 | 

a re 15 | 

TE re ae eee 194 | 1.51§ | 1.75 0.6 | 29 77 

pe Ree i ..| 21,000 2.26 | ig if 
ee 57 0.017 

reer: 40 

tes se ft A as ne 74 0.043 | 1.105 0.2 1.7 | 48 
Alanine.... 5a 270 | 0.00 | 

Carboxyl..... 78 0.3 

a. : 135 0.109 0.4 4.5 

a +4, $i 570 | 1.9 
Aodiate. ........: ze 470 | 

oS, ae a 102 0.6 

Methyl. . sti 818§ 5.2 








* Fed to rats 0.47 mm per 100 gm. per day for 2 days. Activity 3.28 X 105 ¢.p.m. 
per dish of labeled carbon under standard conditions; D 58 and 35.5 atom per cent 
excess in the a and 6 positions, respectively; N'* 25.8 atom per cent excess. 
. { Amino acids from proteins of internal organs; acetate from acetylphenylamino- 
butyric acid. 

¢t Counts per minute per dish of labeled carbon. 

§ Calculated value; see the experimental part. 


cients of utilization of 73, 72, and 77 for the B-C™“, B-D, and N", respec- 
tively (Table I). The a-hydrogen of glycine is also known to be labilized 


2 The coefficient of utilization (18) is derived from the isotope dilution formula 
(19) b = a (x/y — 1), where a = millimoles of labeled compound administered per 100 
gm. per day, b = millimoles of material per 100 gm. per day elaborated by the or- 
ganism and used to dilute a, x = isotope concentration of a, and y = isotope con- 
centration of the compound isolated. The coefficient of utilization = 1000/b = 
1000/a(r/y — 1). It is expressed as 1000 times the reciprocal of 6 so that it will show 
an increase with increasing utilization. As modified for use with isolated tissue con- 
stituents, a becomes the total rather than the daily dose. 
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in vivo (20), and this is further illustrated by nearly complete loss of deu- 
terium from the glycine derived from 2 ,3-deuterioserine, although the N! 
concentration of the glycine is 63 per cent of that of the internal organ 
serine. 

A similar situation occurs when glycine-2-C™,N"™ is administered (Table 
II). The N’ and C" levels in the serine of the internal organs are 73 and 
64 per cent, respectively, of those of the glycine. The labilization of the 
a-hydrogen atom of serine, discussed previously, could be due to resynthe- 
sis from glycine which has undergone this labilization. The glycine of the 





TaBLe II 
Utilization of Glycine-2-C™ ,N15* 
Compound isolated or Isotope concentration Coefficient of utilization 
position in moleculet [ eeeesenmendl WnaeneE — —— - 
cu Nis Ct Nis 
c.p.m.§ X 1073 | eRe ae 
Glycine... e 35.8 
SS ee 0.286 
iti os 5 rey 72.5 0.472 54 (49) 58 
Serine....... — 22.6 | 
Carboxyl be 0.204 
is. 6 ce 46.5 0.347 35 (35) 43 
B... th 15.00 11 (11) 
Alanine... . Pcs 0.826 | 
Carboxyl.... mee 0.182 
a eer ee 1.19 0.018 0.9 (0.8) 2.2 
B 0.845 0.6 (0.5) 


* Fed to rats 0.40 mm per 100 gm. for 1 day. Activity 3.42 X 10° e.p.m. per 
dish of labeled carbon under standard conditions; N'* 20.6 atom per cent excess. 

t Amino acids from proteins of internal organs. 

{ The figures in parentheses are duplicate results obtained in an experiment with 
glycine-2-C' (6). See the experimental part for details. 

§ Counts per minute per dish of carbon. 


internal organs has nearly the same ratio of C4: N™ as the dietary glycine, 





with a slightly greater utilization of the N'® than of the C“. This trend is 
further accentuated in the serine, in which the utilization of N"™ for the 
amino group is about 20 per cent higher than that of the C™ for the a-car- 
bon; this may be another illustration of the effective acceptance of nitrogen 
by endogenous precursors of the carbon skeleton of glycine (21, 22). 
Serine and glycine, together with aspartate and glutamate, are probably 
the most metabolically active amino acids. In contrast to aspartate and 
glutamate, which play a central réle in nitrogen transfer reactions, serine 
and glycine have remarkably stable carbon-nitrogen bonds. Some of the 
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major reactions of these amino acids involve a part or all of the carbon 3. El 
chain accompanied by the nitrogen. 

It is yet to be explained, however, how the ratio of C4: N™ in B-C™ Nw. . » 
labeled serine remains unchanged despite the rapid and reversible cleavage : . 
of serine to glycine and a l-carbon fragment. This reaction, which is 7. M 
known from other work (23-25), is further illustrated in Tables I and II, 8. EI 
Since at least two-thirds of the serine appears to be derived from glycine, 
and since after administration of labeled serine the concentration of N' ip 9. C 
the glycine is nearly two-thirds that of the serine from the same internal 10. M 
organs, maintenance of an unaltered C':N' ratio would require that 11. St 
roughly as much C" enters the serine from the 1-carbon pool as N' from 
glycine. This would suggest that the amount and rate of turnover of 12. Sa 
l-carbon compounds and of glycine are approximately equal. The un- z “ 
changed 8-C': N" ratio found in serine is, therefore, the result of compen- 5. Al 
sating reactions rather than of the biochemical stability of dietary serine. J 16. Sp 
The fact that the 6-C':8-D ratio is also unaltered would imply that the 17. Gr 
level of oxidation of the C; compound is not raised during the resynthesis 18. Bl 
of serine from labeled fragments. rs “ 

Formation of Alanine and Acetate from Glycine and Serine—In two sepa- 1. Sh 
rate experiments the ratio of activities of the a-carbon to that of the B-car- 22. We 
bon of serine after the administration of a relatively small quantity (04 3. Sh 
mm per 100 gm.) of glycine-2-C was 3. This is higher than the ratio 4. Sa 
observed when much larger quantities of labeled glycine were administered ' “ 
(24). The acetate from acetylphenylaminobutyric acid obtained in one 7 Ba 


atoms. The results shown in Table IT indicate that equalization of label 
takes place through intermediates of the tricarboxylic acid cycle. The 
ratio of activities a-C':8-C™ found in the alanine is 1.4, which suggests that 
-alanine and acetate are derived from glycine by way of serine (24) and 
pyruvate (26). A similar sequence of reactions may be operative in the 
fermentation of glycine to acetate by Diplococcus glycinophilus (27, 28). 


of these experiments (6) was found to be nearly equally labeled in both 8. Ut 


We are indebted to Mr. I. Sucher for the N'® and deuterium analyses, 
and to Mr. B. Gourdin for technical assistance. 
SUMMARY 


Certain aspects of the interconversion of serine and glycine were studied 
with the aid of L-serine-3-C™ ,2,3-D,N' and glycine-2-C",N". 





BIBLIOGRAPHY 


MR 


1. Weissbach, A., Elwyn, D., and Sprinson, D. B., J. Am. Chem. Soc., 72, 3316 
(1950). 
2. Elwyn, D., and Sprinson, D. B., J. Am. Chem. Soc., 72, 3317 (1950). ] 











oth 











NaIoO oe 


oo 


RSE Ssan 


i 


8 


. Elwyn, D., Weissbach, A., and Sprinson, D. B., J. Am. Chem. Soc., 78, 5509 


D. ELWYN AND D. B. SPRINSON 465 


(1951). 


. Elwyn, D., and Sprinson, D. B., J. Biol. Chem., 184, 465 (1950). 


Schoenheimer, R., Ratner, 8., and Rittenberg, D., J. Biol. Chem., 180, 703 (1939). 
Sprinson, D. B., J. Biol. Chem., 178, 529 (1949). 
Moore, 8., and Stein, W. H., J. Biol. Chem., 192, 663 (1951). 


. Ehrensvird, G., Reio, L., Saluste, E., and Stjernholm, R., J. Biol. Chem., 189, 


93 (1951). 


. Consden, R., Gordon, A. H., and Martin, A. J. P., Biochem. J., 38, 224 (1944). 


Block, R. J., Anal. Chem., 22, 1327 (1950). 


. Meltzer, H. L., and Sprinson, D. B., J. Biol. Chem., 197, 461 (1952). 
. Stein, W. H., Moore, 8., Stamm, G., Chou, C.-Y., and Bergmann, M., J. Biol. 


Chem., 148, 121 (1942). 


. Sakami, W., J. Biol. Chem., 187, 369 (1950). 

. Vernon, L. P., and Aronoff, 8., Arch. Biochem., 29, 179 (1950). 

. Borodine, A., Ann. Chem., 119, 121 (1861). 

. Allen, C. F. H., and Wilson, C. V., Org. Syntheses, 26, 52 (1946). 

. Sprinson, D. B., and Rittenberg, D., J. Biol. Chem., 180, 707 (1949). 

. Graff, J., and Rittenberg, D., Anal. Chem., 24, 878 (1952). 

. Bloch, K., and Rittenberg, D., J. Biol. Chem., 155, 243 (1944); 159, 45 (1945). 
. Rittenberg, D., and Foster, G. L., J. Biol. Chem., 183, 737 (1940). 

. Sprinson, D. B., and Rittenberg, D., J. Biol. Chem., 184, 405 (1950). 

. Shemin, D., Cold Spring Harbor Symposia Quant. Biol., 14, 161 (1950). 


Weissbach, A., and Sprinson, D. B., J. Biol. Chem., 203, 1023, 1031 (1953). 
Shemin, D., J. Biol. Chem., 162, 297 (1946). 
Sakami, W., J. Biol. Chem., 176, 995 (1948); 178, 519 (1949). 


. Elliot, D. F., and Neuberger, A., Biochem. J., 46, 207 (1950). 


. Chargaff, E., and Sprinson, D. B., J. Biol. Chem., 161, 273 (1943). 
. Barker, H. A., Voleani, B. E., and Cardon, B. P., J. Biol. Chem., 173, 803 (1948). 
. Utter, M. F., and Wood, H. G., Advances in Enzymol., 12, 120 (1951). 















utili 
-) 
(1). 


tion 
(3. 


the 

glyc 
rat. 
1-ce 
(6-C 
1.5 

han 
seri 
pari 
syn 
mal 


peri 


3-C 
pro: 


reco 
from 
from 


Dep 
setts 
films 
Pure 





e2e ene 


THE SYNTHESIS OF THYMINE AND PURINES FROM 
SERINE AND GLYCINE IN THE RAT* 


By DAVID ELWYNf{t anv DAVID B. SPRINSON 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, July 27, 1953) 


Investigations in this laboratory have shown that L-serine-3-C™,N'® is 
utilized for uric acid formation in the pigeon as a source of glycine for C-4, 
C-5, and N-7, and as a source of a l-carbon intermediate for C-2 and C-8 
(1). At the same time it was found that there was considerable incorpora- 
tion of activity from the 6-carbon atom into C-5 of uric acid. Formate 
(2, 3) and imidazole carbon 2 of L-histidine (4) are used in this manner to 
a much more limited extent. In the course of attempts to explore further 
the behavior of serine, the conversion of serine, and the closely related 
glycine, to nucleic acid purines and pyrimidines was investigated in the 
rat. The methyl group of thymine was shown to be derived from a 
l-carbon intermediate originating in serine and glycine. When serine 
(8-C“D,.OH) was the precursor, the bulk of the deuterium, approximately 
1.5 atoms, accompanied the carbon during this synthesis. On the other 
hand, in the synthesis of purines, most of the hydrogen of the 6-carbon of 
serine was labilized during its incorporation into C-2 and C-8. A com- 
parison was also made between the utilization of these amino acids for the 
synthesis of proteins (5) and nucleic acids, respectively, in the same ani- 
mals. A brief report of these findings has already appeared (6). 


EXPERIMENTAL 


Feeding Experiments—For 3 days prior to and during the experimental 
period the rats were maintained on a 15 per cent casein diet (5). L-Serine- 
3-C" ,2 ,3-D,N*®* (1) was fed with the diet for 2 days at the rate of 0.47 mm 
per 100 gm. of body weight per day to four male rats which weighed ap- 
proximately 250 gm. each (5). Glycine-2-C“,N" was fed similarly at a 


*This work was supported by grants from the American Cancer Society, upon 
recommendation of the Committee on Growth of the National Research Council, 
from the Lederle Laboratories Division of the American Cyanamid Company, and 
from the National Institutes of Health, United States Public Health Service. 

t Life Insurance Medical Research Predoctoral Fellow, 1949-50; present address, 
Department of Biological Chemistry, Harvard Medical School, Boston, Massachu- 
setts. This report is from a dissertation submitted by David Elwyn in partial ful- 
filment of the requirements for the degree of Doctor of Philosophy in the Faculty of 
Pure Science, Columbia University. 


467 




















468 SYNTHESIS OF THYMINE AND PURINES 


level of 0.40 mo per 100 gm. per day for 1 day (5). At the end of the feed- 
ing period the rats were killed by heart puncture. 

Isolation of Purines and Pyrimidines—The internal organs (liver, spleen, 
kidneys, heart, washed intestine, pancreas, gonads, and lungs) were ho- 
mogenized in alcohol and defatted, and the extracted (7) nucleic acids were 
separated (8, 9) into desoxypentose nucleic acids (DNA) and pentose 
nucleic acid (PNA) polynucleotides. The purines and pyrimidines were 
obtained from the DNA fraction by hydrolysis with formic acid (10) and 
separation on a Dowex 50 ion exchange column with 2 Nn HCl (11). The 
purines were obtained from the PNA polynucleotide fraction in a similar 
manner except that 2 Nn HCl was used as the hydrolyzing agent. The 
individual purines and pyrimidines, as obtained from the column, were 
found to be free of impurities absorbing in the ultraviolet region by com- 
parison with known standards in 2 n HCL! 

The solution of guanine was taken to dryness several times in vacuo to 
remove excess HCl, taken up in 5 ml. of water, and filtered. The filtrate 
was neutralized and allowed to stand overnight. The precipitated guanine 
was centrifuged, washed with water, and recrystallized to constant activity 
from 1 N H.SO, to give guanine sulfate dihydrate. For deuterium deter- 
mination the sulfate was converted to guanine. 

The solution of adenine was freed from excess HCl in the same manner, 
taken up in 2 ml. of water, and neutralized. To this was added an equal 
volume of saturated picric acid solution, and the adenine picrate was al- 
lowed to crystallize overnight. It was then recrystallized from 25 per 
cent acetic acid and dried in vacuo at room temperature to give adenine 
picrate monohydrate. For deuterium determination the picrate was dried 
at 100°. 

Cytosine picrate, prepared by the same procedure as adenine picrate, 
was recrystallized twice from water and dried in vacuo. 

The quantity of thymine isolated was determined spectrophotometrically 
(31 mg. and 17 mg. in the serine and glycine feedings, respectively) and 
diluted to a total of 90 mg. The solutions were taken to dryness several 
times in vacuo to remove most of the HCl. The residue was dissolved in 
3 ml. of water, neutralized with NaOH, and allowed to stand overnight at 
0-5°. The precipitated thymine was recrystallized twice from small quan- 
tities of water and dried in vacuo. 

Degradation of Thymine—To 60 mg. of thymine, suspended in 0.6 ml. of 
water, was added 0.03 ml. of bromine. The suspension was shaken with 
warming until all solids had gone into solution, and excess bromine was 
removed by aeration. The 4-bromo-5-hydroxyhydrothymine was hy- 

1 Ultraviolet spectra of thymine, cytosine, guanine, and adenine in 2 nN HCl were 


not available in the literature. Spectra determined for standard solutions in 2% 
HCl did not differ significantly from those observed in more dilute HCl (12-17). 
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drolyzed to acetol, urea, and CO, by addition of the mixture to 25 ml. of 
x NaHCO; solution and heating in a boiling water bath under nitrogen for 
| hour (18). The hydrolysate was cooled, clarified by centrifugation, and 
treated with 3 ml. of a solution containing iodine (10 per cent) and potas- 
sium iodide (20 per cent), followed by 5 ml. of a 10 per cent sodium hy- 
droxide solution, and allowed to stand with frequent shaking for 30 min- 
utes (19). The precipitated iodoform (representing the methyl group of 
thymine) was centrifuged, washed three times with water, and recrystal- 
lized from aqueous methanol. Yield 62 mg. (33 per cent of theory). 

Degradation of Guanine—Guanine sulfate (500 mg.) in 8 ml. of 2.5 N 
H,.SO, was treated at 70-80°, dropwise, with 0.4 gm. of NaNO, in a mini- 
mal amount of H.O (20). The crude xanthine, which precipitated as a 
red powder, was dissolved in dilute NaOH and precipitated with HCl, 
giving 465 mg. (93 per cent) of a reddish powder having the same activity 
as the original guanine. 

One portion of the xanthine was hydrolyzed in a bomb tube at 175° with 
concentrated HCl to give glycine, representing C-4, C-5, and N-7 (21). 
The hydrolysate was taken to dryness in vacuo to remove excess HCl, dis- 
solved in a small quantity of NaOH, and evaporated to dryness to remove 
NH;. The residue was taken up in a small quantity of water, neutralized, 
and degraded (22) with ninhydrin at pH 2.5 to COs, formaldehyde, 
and NH;. 

A second portion of xanthine (150 mg.) in 3 ml. of 5 n HCl at 50-60° 
was treated slowly with KCIO; until it had completely dissolved (23), and 
then with H.S. Alloxantin and sulfur were removed by centrifugation, 
and the solution containing urea was treated with urease to obtain C-8 as 
BaCO;. Alloxantin was separated from sulfur by recrystallization from 
hot water and oxidized to urea and CO, with an aqueous suspension of 
PbO, in a boiling water bath for 20 minutes (24). The reaction mixture 
was treated with H,S, filtered, and the filtrate evaporated to dryness. A 
solution of the residue was treated with urease to convert the urea to 
BaCO;, representing C-2 of guanine. 

Determination of C™, N*, and D—Radioactivity was measured with a 
thin window, or internal flow, Geiger-Miiller counter on the compounds 
isolated. When BaCO; or CHI; were counted, the results were divided 
by 1.2 and 1.3, respectively, to correct for back-scattering. The counting 
vessels were sintered or solid stainless steel dishes of uniform dimensions. 
When necessary, corrections to “infinite” thickness were made from data 
obtained on the particular apparatus used. Except where otherwise indi- 
tated, sufficient counts were taken to give a standard deviation of less than 
dpercent. The values in Table I were obtained from the observed counts 
by dividing by the fraction of carbon in the compound. 

Deuterium and N'® were determined by the usual methods (25, 26). 
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RESULTS AND DISCUSSION 


Purine Synthesis—The activities of the isolated purines and pyrimidines 
including the values for certain positions of guanine and thymine, ar 


TaBie I 
Activities of Purines and Pyrimidines Following Administration of u-Serine-3-C' Nu 
and Glycine-2-C'*, N‘5 to Rats* 


Activityt following administration of 
Purines and pyrimidines isolated spintidiconh indus sic das FINE x 
L-Serine-3-C4,N15}{ Glycine-2-C™,Nisg 


C.p.m. C.p.m. 
DNA | 
SEE ee ees er ee | 1,680 | 905 
ND 8 oa, i es pcan catal 7,510 4,050 
ais coos yang ee te 220 + 419 | 120 + 489 
Cytosine. . eater: Staal 80 + 499 | 200 + 80 
Adenine... .. pel ys | 5,340 | 8,050 
STE ae ee ee Pe net AD | 7,650 
PNA 
MII 5 a0. 39,4, Sous aA .| 5,500 | 8,000 
Guanine.... 5,500 9,600 
Caroen 2: ..... 11,200 4,700 + 9009 
Recta ab Pde. A: ......{ 11,200 6,100 
Pe: Abate wieks javier emas 8% 180 + 609 | 1,100 + 100§ 
a Ee ee ar iat le a ule sale 270 | 41,000 
Nitrogen 7, atom % excess............ 0.86 0.22 


* Four rats weighing 250 gm. each were used in each experiment. 

¢ Counts per minute per dish of carbon of ‘‘infinite’’ thickness. 

{ Fed 0.47 mo per 100 gm. of body weight per day for 2 days. The activity of the 
B-carbon atom was 3.28 X 10° c.p.m., and the amino group had 25.8 atom per cent 
excess N15. 8-D 0.71 atom (5). 

§ Fed 0.40 mm per 100 gm. for1 day. The activity of the a-carbon atom was 3.4) 
X 10° c.p.m., and the amino group had 20.6 atom per cent excess N?. 

|| Calculated value. 

§ Counting error expressed as standard deviation; shown only for errors greater 
than 5 per cent. 





shown in Table I. The coefficients of utilization? of serine and glycine for 
these positions, as well as for the proteins (5) of the same internal organs, 


2 The coefficient of utilization (27) is derived from the isotope dilution formuls 
(28) b = a (x/y — 1), where a = millimoles of labeled compound administered per I 
gm. per day, b = millimoles of material per 100 gm. per day elaborated by the or 
ganism and used to dilute a, x = isotope concentration of a, and y = isotope con- 
centration of the compound isolated. The coefficient of utilization = 1000/b = 
1000/a(x/y — 1). It is expressed as 1000 times the reciprocal of b so that it will show 
an increase with increasing utilization. As modified for use with isolated tissue 
constituents, a becomes the total rather than the daily dose. 
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are presented in Table Il. They show that the utilization of serine for 
(-2, C-8, and N-7, and of glycine for C-5 and N-7 of PNA guanine, is 
approximately the same, respectively, as for the proteins of the same in- 
ternal organs. 

The distribution of isotope in the guanine is in general agreement with 
many recent findings that C-4, C-5, and N-7 of purines are derived from 
glycine, and C-2 and C-8 from formate, serine, or other ‘“1-carbon” pre- 
cursors. However, a marked difference exists between the rat and the 
pigeon in the utilization of the B-carbon atom of serine for C-5. It has 


TaBLe II 


Relative Efficiencies of Serine and Glycine As Precursors of Thymine, Guanine, and 
Visceral Proteins 
es - ; : — wee: 
Coefficient of utilization* of 
Position in isolated compounds 





| t-Serine-3-C™, N15 Glycine-2-C™“, N15 
Serine, a Diba sa Be Rat sion 0.6 35 
Peppers Sesh e ses. ee mu 73 11 
OO  . SECRET TC ee 77 43 
Glycine, a...... en eet ee Pee 0.2 54 
“e ee) ee ee 48 58 
Thymine methyl....... 5 cher cate 25 3.0 
OE. oo. wine avis caekaecs cade 37 3.4 + 0.7 
“ sas ee pares tt 37 4.5 
“ ad 4 0.6 0.8 
« ee 0.9 30 
° 7 7 37 27 





* Calculated from the data of Table I; for method of calculation see foot-note 2. 
The values for the constituents of internal organ proteins are taken from the pre- 
ceding paper (5). 


been found (1) that when L-serine-3-C" is administered to pigeons the 
highest activity of the isolated uric acid is in C-2 and C-8, but that some, 
about one-fifth that of C-2 or C-8, is also in position 5. Following ad- 
ministration of L-serine to rats the isotope content of C-5 of guanine is 
only one-fortieth that of C-2 and C-8. Since the a-carbon of glycine is the 
only known precursor of C-5, it appears on the basis of comparison of uric 
acid with nucleic acid guanine, respectively, that the pigeon is more effi- 
cient than the rat in the conversion of 8-labeled serine into a-labeled gly- 
cine or into a more direct precursor of C-4 and C-5 of purines. 

The observation, recently reported from this laboratory (29), that the 
aminomethyl and hydroxymethyl groups of ethanolamine are converted to 
the carboxyl and methylene groups, respectively, of glycine, provides a 
possible explanation for these findings. Since serine is decarboxylated to 
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ethanolamine (30, 31), 8-labeled serine would give rise to a-labeled glycine 
by way of the following reactions. 


* * 
CH,.OH—CHNH.—COOH — CH,OH—CH:NH; — 


[(CHO—COOH] — CH.NH.—COOR 


The incorporation of activity from serine-3-C" into C-5 of purines would 
be proportional to the extent of this conversion. In agreement with this 
suggestion it was found that the utilization of administered ethanolamine 
into C-4 and C-5 of uric acid in the pigeon (29) is approximately the same 
as that of 6-labeled serine into C-5. In the rat, the conversion of ethanol. 
amine to glycine is approximately one-fourth as efficient as in the pigeon 
(29). 

From these considerations it appears that the conversion of serine to 
glycine via ethanolamine is the major pathway accounting for the appear. 
ance of isotope in C-5 of uric acid after the administration of 6-labeled 
serine. Formate (3) would resemble serine in its behavior. The much 
lower isotope level in C-5 of guanine in the rat may be explained by a less 
extensive conversion of ethanolamine to glycine. 

It is noteworthy that formate is only slowly oxidized to COs in the 
pigeon (3, 24). 12 hours after the administration of HC“OONa 6.5 per 
cent of the activity appears in the respiratory CO, (3). In the rat 97 per 
cent of the dose appears in the CO, in 3 hours (32). An active formate 
oxidase is present in rat liver (33). The slow oxidation of formate in the 
pigeon suggests an indirect pathway, involving fixation of formate and 
glycine into serine, followed by decarboxylation to ethanolamine and con- 
version of the latter to glycine, in accordance with the cycle of reactions 
recently proposed (29). 

Thymine Synthesis—The data in Table I show a significant incorpor- 
tion of C“ into thymine, but not into cytosine of DNA. Degradation 
the thymine demonstrated that about 90 per cent of the activity was in the 
methyl group after the ingestion of either serine-3-C" or glycine-2-C", the 
former being a much more effective precursor (Table II). The isotope 
level in the ring of thymine is about the same as that in cytosine and s0 
low as to indicate that neither serine nor glycine is a specific precursor d 
the pyrimidine ring. The incorporation of formate into thymine was also 
reported recently (34). Distinction between the methyl group and carbon 
5 of thymine could not be made by the method of degradation used, but 
there was no activity in either C-2 or C-6. The results of the present 
investigation indicate that formate would enter almost exclusively into the 
methyl] group of thymine. 

The results reported here, together with the finding that cytidine-N” 
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(35) and desoxycytidine-N!® (36), but not cytosine (7), are precursors of 
thymine in the rat, suggest that thymine arises by the methylation of a 
derivative of cytosine. Derivatives of 5-methyleytosine (37) or of 5-hy- 
droxymethyleytosine (38) might be intermediates in this process. The 
fact that the methyl group of thymine is derived from the same sources as 


TaB_e III 


Incorporation of Deuterium and C into Thymine, Adenine, and Guanine from 
L-Serine-3-C', D and DC“OONa 


P Isot 
: Label per thymine dilution 
Precursor* Compound isolatedt Deuterium methyl, adenine, and 
guanine C-2 or C-8 D cu 


atom per cent | atom excess, c.p.m. 
excess Dt X 10-% 


L-Serine-3-C™, D Thymine (a) 0.202 | 0.012 7.51 | 60) 44 

| (b) 0.157 | 0.0094 1.54] 65| 43 

| (c) 0.165 | 0.0099 3.28 | 142 | 116 

| (d) 0.234 | 0.014 6.38 | 51 | 46 

PNA adenine | (a) 0.142 | 0.0036 | 11.2 | 100) 29 

| (b) 0.232 | 0.0058 | 2.58) 53) 25 

| (c) 0.147 | 0.0037 | 7.94 | 190! 48 

DNA “ | (a) 0.074 | 0.0018 | 12.0 | 200| 27 

(b) 0.232 | 0.0058 | 2.13 | 53| 31 

| | (c) 0.083 | 0.0021 | 5.36 | 335) 71 
| PNA+ DNA 


86 |178| 37 


guanine (a) 0.080 | 0.0040 | 8 
DC“OONa Thymine 0.225 | 0.0135 17.7 73 | 65 
PNA adenine | 0.288 | 0.0072 | 58.2 | 125| 20 
DNA = | 0.440 | 0.011 | 36.8 | 90) 31 


* The letters preceding the value for atom per cent excess D indicate the identity 
of the nucleic acids from which several products were isolated. The activity and D 
concentration of the serine used in experiment (a) are given in Table I. For the 
sake of brevity the other two serine preparations are not described in detail. The 
atoms of D attached to the 8-carbon and its C™ activity may be calculated from the 
D and C™ of the metabolic product and the dilutions. The DC“OONa had 0.99 
atom of D and 1.15 X 10° c.p.m. 

t Thymine and purines in experiment (a) were isolated as described in the text. 
In all other cases separation of DNA from PNA polynucleotides and isolation of 
thymine and purines were based on unpublished methods developed by Dr. P. M. 
Roll. 

t Atom excess D = (atom per cent excess D/100) X (number of hydrogen atoms 
inthe molecule). In the case of adenine this value was divided by 2 to give the 
average atoms of D per C-2 or C-8. Other assumptions made in these calculations 
are given in the text. 

§When compounds were not degraded, it was assumed that 90 per cent of the 
activity of thymine and purines is located in the methyl group and C-2 + C-8, re- 
spectively. 
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the “‘labile’’ methyl groups of choline (30, 31) may explain the observed 
relationships of folic acid and vitamin B,: to the metabolism of thymine 
methionine, and choline (39, 40). 

Relative Utilization of C“* and D—The incorporation of deuterium from 
L-serine-3-C",D and DC“OONa into adenine, guanine, and thymine j 
shown in Table III. In adenine deuterium can be present only in positions 
2 and 8, and in guanine, only in position 8, since the other hydrogen atoms 
would exchange during the isolation. In the utilization of the 8-carbon of 
serine for C-2 and C-8 of purines only one-half of the deuterium present ip 
the 6 position is available for transfer with the carbon. The deuterium 
dilution was, therefore, divided by 2. In the case of thymine it has beep 
assumed that the deuterium is present in the methyl group only.’ The 
dilutions of C'* have been calculated on the reasonable assumption that 
the distribution of activity in thymine and the purines is approximately 
the same as in the thymine and guanine which were degraded. 

In the utilization of serine-8-C“D.OH for the methyl group of thymine 
the 8-carbon is accompanied by more than one of its hydrogen atoms. The 
average of the ratios of C“:D dilution in four experiments is 0.78, indi- 
cating that approximately 1.5 atoms of D remained attached to the car. 
bon. This value is close to that reported earlier (41) and indicates 4 
greater labilization of D for the synthesis of the methyl group of thymine 
than for the methyl groups of choline (41). During the conversion d 
deuterioformate-C™“ to the methyl groups of choline the C™:D ratio is 
unaltered (42).4 In thymine synthesis from DC“OONa, the ratio d 
C*:D dilutions of 0.89 indicates that about 0.9 atom of D remained at- 
tached to carbon. It is noteworthy that when serine is a precursor ap 
proximately 0.5 atom more of deuterium remains attached to the carbo 
than would be expected if all of the 8-carbon atoms had been oxidized to 
formate. 

During the synthesis of purines from serine-8-C“D,OH or DC“OON: 
a much greater labilization of deuterium takes place; e.g., in adenine the 
average ratio of C“:D dilutions for C-2 or C-8 is 0.3. These results in 
dicate either labilization of hydrogen during purine synthesis or biolog- 
cal lability’ of the hydrogens attached to positions 2 and 8. If the forme 
is the case, then the mechanisms involved in the synthesis of position 


3 The hydrogen on C-4 should also be stably bound. Considering the very lor 
utilization of the B-carbon of serine for the pyrimidine ring of thymine, negligibk 
amounts of D would be expected in C-4. 

4 Similar results were obtained in our laboratory. 

5 The hydrogens attached to C-2 and C-8 of adenine have been shown to be rt 
sistant to exchange under the conditions used to isolate adenine from tissues (#8 


This does not exclude the possibility that these hydrogens are subject to exchangy 


in vivo. 
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2 and 8 of purines are distinct from those involved in the synthesis of 
the methyl groups of thymine and choline. 


We are indebted to Mr. I. Sucher for the N'* and D analyses, and to 
Mr. I. Welicky for technical assistance. 


SUMMARY 


The synthesis of purines from serine and glycine in the rat is similar to 
that of uric acid in the pigeon. An exception is the lesser ability of the 
rat to incorporate isotope from 8-labeled serine into position 5 of purines. 
The role of ethanolamine in this process, and in the oxidation of formate 
by the pigeon, has been discussed. 

The hydroxymethyl] group of serine has been shown to be a major source 
of the methyl group of thymine. The a-carbon of glycine is also converted 
to the methyl group, but to a much smaller extent. The utilization of 
serine and glycine for nucleic acid purines and thymine was compared with 
their incorporation into tissue proteins. 

In the syntnesis of the methyl group of thymine from L-serine-3-C",D 
and DC“OONa 1.5 and 0.9 atoms of D, respectively, accompany the la- 
beled carbon. During conversion of the 6-carbon of serine and DC“OONa 
to carbon atoms 2 and 8 of purines an extensive labilization of deuterium 
takes place, suggesting distinct mechanisms for the two pathways. 
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